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Nuclear Relaxation in a Dilute Ni-Pd Alloy 

* Boris Chornik 

UCRL-20516 

Department of Physics, University of California 
and 

Inorganic Materials Research Division, 
Lawrence Radiation Laboratory, 
Berkeley, C~lifornia 94720 

ABSTRACT 

Nuclear spin-lattice relaxation of Ni61 and Pd105 has 

been measured at liquid helium temperatures in Ni metal and 

in a Ni-Pd 2 at.% alloy. An external magnetic field of 6 kG 

was applied to saturate the sample, eliminating the domain 

walls, so that relaxation through domain wall motion was not 

present. The relaxation times at 4. 2°K were: 0. 05 sec for 

Ni61 and 0.58 sec for Pd105 . The Ni relaxation time agrees 

well with a theoretical model based on interactions of the 

nuclear moments with orbital fluctuations of d-electrons. 

This model and the Pd relaxation time were used to calculate 

a density of states at the Fermi level of 4-d ··electrons on 
. 12 

the Pd impurity. Its value turns out to be 1.0 x 10 states 

.. · 
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(erg atomr~·l. From this value we estimated the magnetic 

, moment localized at the Pd a tom to be ·o .14 l-f:s. From bulk 
! 

magnetization data we c·onclude ·then that the Ni neighbors 

nearest to the Pd impurity have ari extra moment of 0.031 lJB. 

; -. 
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I . INTRODUCTION 

Neutron scattering is considered the most direct tool to obt.ain 

microscopic information about the impurity magnetic state in alloys.l-7 

However, it may not yield observable results in cases of very dilute 

alloys and one ha.s to get more indi;rect data from other methods, e .• g., 

the measurement. of the hyperfine field at both the impurity and host 
. 8 

nuclei (by NMR, Mossbauer effect, nuclear specific heat, etc). 

However, the interpretation of the results is usually difficult and 

somewhat ambiguous due to the presence of several contributions to the 

hyperfine field with opposite signs, that almost cancel. Measurement of 

the n~clear spin..;.lattice relaxation time is free from this disadvantage. 

In fact, the relaxation interactions are basically the same that produce 

the hyper~ine· field, but the relaxation mechanisms are additive. The 

most important are: the well-k~own contact interaction with s-conduction 

electrons calculated by Korringa; 9 magnetic dipolar and orbital interaction 

with nons-electrons, discovered by Obata10 and core polarization, 

. according to Yafet and Jaccarino •11 M . 12 . f d 1" 1 t' or~ya per orme a ca cu a ~on 

of. the nuclear spin-lattice relaxation time in the three ferromagnetic 

transition metals Fe, Ni, and Co. He found that orbital interaction is 

dominant (by at least one order of magnitude) and that agreement with 

13 14 experimental results ' was reasonable. In these cases, and in similar 

systems, interpretation of the results is very simple, since only one 

mechanism·is dominant. From the experimental result, one can obtain the 

density of states of the impurity d-electrons at the Fermi energy, 

therefore providing useful information about the impurity state. Such 

a study was made by Bancroft15 in dilute Ni-Cu alloys. He found a 
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negligible density of states of Cu 3-d electrons at the Fermi energy 

and thus he inferred that the Cu impurity did not have a magnetic 

moment. 

The present paper is a report of a nuclear spin-lattice relaxation 

measurement of both the Ni61 and the Pd105 nuclei in a ~-Pd alloy, 

2 at.% concentration. The relaxation times were obtained by monitoring 

the recovery of the longitudinal nuclear magnetization after saturating 

the nuclear Zeeman levels with several rf bursts at the Larmer frequency. 

Th · h t h · 16 1 a Th 1 ·t a· 1 1 e sp1n-ec o ec n1que was emp aye . e ong1 u 1na . nuc ear 

magnetization is proportional to the signal that appears at a time t 

after two rf pulses separated by a fixed time t. An external magnetic 

field of 6 kG was applied to eliminate the domain walls in the sample. 

This is the best way to avoid relaxation through domain wall motion,15 

which would mask the intrinsic simple mechanisms of relaxation mentioned 

earlier. 

An accou.i:J.t of the experiment and results is given in Part II. 

The interpretation is developed in Part III, where it is found tha~ 

the agreement between the experimental and theoretical relaxation 

t . f N· 61 · b tt th th f. t. t 12 b f th 1mes or 1 lS even e er an e 1rs repor . ecause o e 

absence of domain walls. Next, the same relaxation moqel is employed 

to derive the Pd density of states at the Fermi energy, from the 

experimental value of the Pd relaxation time. Finally, a. simple 

model gives the number of holes of the 4d~ Pd levels~ From there, 

a magnetic moment of 0.14 J.lB is found at the Pd site. 

Our result serves.to complement a recent neutron scattering 

experiment made by Cable and Child7 in more concentrated Ni-Pd alloys. 
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Both results give microscopic 'information on the magnetic distribution. 

Then it is straightforward to couple these results with the macroscopic 

i t . · 1 a· b t t' t' t· t l7,lB · nforma 10n provl.C e y sa ura 10n magne 1za 1on measuremen s 1n 

order to get an overall picture of the alloy magnetic properties. 

II • EXPERIMENT 

A. Apparatu's 

· A block diagram of the apparatus is shown in Fig, 1. It is 

basically the same as used by Bancroft,15 but the averaging procedure 

is more elaborate. Since the saturation method requires the measure-

ment of the difference between the equilibrium value and the signal 

after a partfal recovery, a good signal-to-noise ratio is necessary to 

obtain acceptable results. The averager served the purpose of enhancing 

the signal-to-noise ratio ~y repeating each measurement many times 

and integrating. It was designed as described by Samuelson and 

Ailion19 but the measurements were stored and accumulated in a multi-

channel analyzer instead of a single counter. Usually we measured 

about fifteen points of the recovery curve; each measurement was 

stored in a separate channel of. the multichannel analyzer (working·in 

the multiscaler :mode). The control unit changed the address and the 

recovery time automatically, for each new measurement. A:fter the 15th 

channel, the system went back to the first channel and started again, 

adding the new measu:rements to whatever was stored before. This con-

figuration eliminates the effect of a slow drift of the amplifier gain, 

because it is shared evenly by all the averaged measurements. The accuracy 

improvement is remarkable in experiments that take seve:ral hours (as 

in our case) in comparis~n with the performance of a single-channel 
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. a.verager. 

The transmitter in Fig. 1 provided the necessary rf pulses for 

saturating the nuclear Zeeman levels and for monitoring the recovery 

to the eq_uilibrium nuclear magnetization. It wa.s a. pulsed oscillator, 

Arenberg type PG-650. 

The receiver consisted of a. wide-band amplifier followed by a 

diode detector. The amplifier provided several volts of rf output in 

· order to avoid the non-linearity of simple diode detector circuits for 

signals of about 0.5 V or less. A small non-linearity remained, 

however. We corrected it during the final stage of data processing, 

with a.n additional subroutine in the computer program. Our design is 

not very common. · However, we found it was easier to implement than 

the usual phase detector (which is iinear). In a phase-coherent system, 

the transmitter must be a gated amplifier driven by a cw oscillator. 

The necessary changes in our transmitter would not have been straight-

forward. 

B. Sample Preparation 

Samples of non-annealed nickel were simply obtained from Ni sponge 

of 99.999% purity, supplied by Johnson-Mat they.. The metal powder was 

mixed with N-grease for electrical insulation,. thus avoiding the effect 

of skin depth. The N-grease also improved the thermal contact between 

the metal particles a.nd the helium bath. 

The experiment with annealed nickel 1<Tas made with the same Ni 

sponge after a. heat ~reatment · a.t 600°C .for two· hours. It was performed 

in an Aba.r resistance furnace with high vacuum facilities. The residual 
. . 

. ·. 6 
pressure was kept under 4 x 10- torr. Alumina. powder was added to 

.. 
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avoid sintering of the nickel particles. 

The Ni..:Pa. alloy was prepared by melting Ni a.nd Pd sponge in an 

alumina crucible in the same furnace. There was a reducing atmosphere 

of hydrogen at the beginning to eliminate surface oxidation and facili-

tate the melting process. Actually the gas was a mixture of 4% H
2 

a.nd 

96% He. Later, the gas was substituted by· pure He. In thi.s way- we 

prevented H
2 

from being dissolved in the liquid melt and released upon 

solidification, thereby producing bubbles. 

The alloy was kept at 20°C below the meltimg point for 24 hours 

in order to homogenize it. Later, the degree of homogeneity was tested 

with a.n electron beam microprobe. The electron beam diB.!Ileter was 

about 1 ~. The instrument could detect variations of composition of 

the order of l% or larger. It was found in our sarnple that the local 

fluctuations of composition were below the limit of sensitivity of the 

instrument. 

The alloy was ground against a rotating disc covered with abrasive 

alumina paper #120. Later, the alloy particles were easily separated 

from the alumina particles with the help of a magnet • 

. The -last step was annealing for two hours at 600°C in a high · 

vacuum to eliminate the strains produced by the cold work. 

1. 

C. Experimental Results 

Observation of NMR in Ni61 and Pdl05 

The spin echo technique was used. The sample temperature· was 

4.2°K. Without an external magnetic field we got a resonance frequency 

of 28.46 MHz for Ni61 , both in pure Ni and in the Ni-Pd alloy, in 
. 20 

agreement with earlier measurements that used a ma.rginal.oscillator 

f 
I 

I 
I 

I. 

I 
I 
I 
I 
r 
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as a cw detector of Nlvffi. 

We reproduced the results of Aubrun and IOJ.oi21 and Bancroft15 

when an external magnetic field was applied. The resonance frequency 

shifted down, and for external fields higher than about 4.5 kG, the 

variation was linear. This shows, .that the hyperfine field at the Ni61 

nucleus is negative and that the particles become magnetically saturated 

for external fields higher than 4.5 kG. 

The argument is reinforced by the fact that the intensity of.the 

echo went down as the magnetic field was increased. This shows that 

22 the domain walls disappeared, because the enhancement factor was 

much bigger in the walls than in the bulk domain. 

We o"btained additional evidence of the change of enhancement 

factors when going from the zero external field situation to that with 

an external applied field. We observed the shape of the echo as a 

function of the a."!lplitude and width of the rf pulses. If the turning 

angles were very high (much bigger than TT/2), the signal appeared as 

described by Mims. 23 For instance, if the two rf pulses had the same 

width, the echo was symmetrical, with a dip in the center. If the rf 

amplitude was reduced, so that the turning angle bec·ame of the order 

of TT/2, the echo would have a maximum in the center (as commonly happens). 

This center was displaced with respect to the previous case: 'it occurred 

at a time t_ /2 later, where t was the rf pulse width. · These changes w w 

were not seen when an external magnetic field was applied. We observed 

only the last case (even with the high~st possible rf field), showing 

that the turning angle was of the order of TT/2 and that the enhancement 

factor was small. 
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Since the nudlei do not experience a demagnetizing field in the 

center of a wall, the value of the resonance frequency at zero applied 

field gives directly the hyperfine field.· In the case of :Ni61 , it 

20 turns out to be -75 kOe, as calculated by Streever and Bennet and 

.61 . 24 using the ENDOR measurement of the N1 nuclear mag~etic moment • 
• 

The Pd resonance in the Ni-Pd alloy was found at 33.79 MHz (without 

an externai magnetic field). This result agrees with the calculated 

hyperfine field of 194 kOe reported by Kontani and Itoh, 25 and obtained · . 

in a spin echo experiment at 4.2°K. We found that the sign of the 

hyperfine field is negative,.· as in Ni, because the resonance frequency 

shifted down when an external magnetic field was applied. 

It was found that,after repeating the. experiment several times, 

the signal decreased until it was completely buried in noise. This 

effect has not been reported before. We believe it was caus·ed by an 

increase of. the line width beyond the receiver bandwidth (about 1 MHz) .• 

This could be produced by a slight oxidation of the sample, with lattice 

distortions that would broaden the NMR line through electric quadrupole 

.~ . W5 . 
effects (note that N1 bas a 3/2 nuclear spin and Pd bas a 5/2 

. ·. . . . . . 26 . .. 
nuclear spin; the electric quadrupole moments ~re. 0.134 barns for 

Ni 6~ and 0. 8 barns for Pd105) • The oxidation process might b4! enhanced 

by the repetition of ~he thennal cycle (be~ween room temperature and 

·liquid helium temperature) through an increase in the number of dis­

locations of the sample. Hannnond and. Knight 27 made an experiment of 

·nuclear quadrupole resonance in superconducting.gallium particles 

suspended in oil or paraffin wax. They found a broadening of the 

·resonance line and a severe loss in intensity ~n comparison with the 

,.· -.: • .__!-

.. 
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same experiment performed in galliQm particles mixed with quartz par­

ticles of comparable size. They attributed this change to strains 

produced by the contraction of the frozen oil or wax at low temperatures. 

The same effect in our N-grease might well be part of the cause of the 

deterioration of the signal. 

2. Measurement of Relaxation Times 

The recovery of the magnetization, as measured by the spin echo 

signal, was exponential after some time had passed. At the beginning, 

the relaxation was faster. This is explained in terms of diffusion of 

the nuclear excitation from nuclei in the center of the NMR line to 

nuclei at the sides, when the latter were not excited by the rf comb. 15 

There are also nuclei at the center of the Nl\ffi line that are not excited. 

because of being too far from the surface of the sample (at a distance 

bigger than the rf penetration depth). We observed this effect in our 

experiments in the following way. We assumed a theoretical relaxation 

function with an additional adjustable parameter that took into account 

the diffusion effect. The relaxation function is: 

In this equation, M
0

, 13, and T1 are unknown parameters to be 

calculated in a least-squares fit to the experimental data of (M, t) pairs. 

The results always gave f3 < l, showing that there is indeed some diffusion 

of the spin excitation. A typical value is S = 0.85. It depended on 

the amplitude of the rf comb, the number of pulses, their separation 

and width. The best results were obtained with a comb of 10 to 20 pulses, 
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at the maximum transmitter voltage. The pulse separation was 1 to 2 

msec (note that T2 is of the order of 10 msec28 ), and the pulse width, 

about 10 11sec. The two rf pulses used to generate the echo had a 

width of 2 11sec ~~d a separation of 500 11sec. This somewhat long 

time was necessary for the recovery of one of the wide band amplifiers 

(Hewlett-Packard model 462-A) after being saturated by the rf pulses. 

However, it is sti11 muqh smaller than T
2

, so that the echo is not 

reduced. A typical relaxation curve can be seen in Fig. 2. The 

experiment was run under the above conditions. In Fig. 2, [1-M(t)/M ] 
0 

is plotted as a function of' time in a semi-logarithmic graph. The 

sample was pure Ni, annealed. 

We expected to get a better saturation by increasing the ·comb 

length. However~ we found_much larger relaxation times and a non­

exponential relaxation (Fig. 3, curve a)). The relaxation time in-

creased with the length of the comb. We got relaxation times more than 

10. times bigger than those obtained with short coi)lbs (of about 10 to 20 

pulses). In Fig. 3, curve a), the comb had BOO pulses, separated ~ msec. 

For comparison, curve c) is a repetition of Fig. 2 but at the same 

time scale of curve a). The explanation of this strange effect is 

simple: with long combs, the temperature of the whole sample increased, 

by eddy~currents and magnetic losses. We noted also that the liquid 

helium bath boiled at a much higher rate. For an addit~onal proof, we 

made the following experiment: the transmitter frequency was shifted 

by 4 MHz (more than the linewidth), and a long comb at the new 

frequency was applied. The z-nuclear magnetization was monitored with 

another transmitter, in the usual way (two pulse echo), working at the 

I 

I 
I 
i 

I 
I 
! 
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Larmer frequency. We could see a similar relaxation curve, in spite 

of the fact that the nuclear spins were not excited by the rf comb. 

This showed that the whole sample heated up and that we were monitoring 

the sample-bath thermal relaxation! We were able to get even longer 

relaxation times by increasing more the length of. the rf comb. 

Actually case a) of Fig. 3 with T
1 

= 401 msec is an average situation. 

In another eXperiment, an rf comb of 1600 pulses, separated 1 msec gave 

T1 = 996 msec. 

We observed also a non-exponential relaxation curve in non-annealed 

·pure Ni samples (Fig. 3, curve b)). The shape suggests broadening 

through strain-induced quadrupolar interactions, as found by Andrew and 
~ ~ . . n 

Turnstall, Si~~ons, Sullivan, and Robinson and Narath. The rf 

comb was not strong enough to saturate all the Zeeman levels: only the 

central transition was excited. It is only by accident that curves a) 

and b) in Fig •. 3 seem to have almost equal relaxation times. As ex­

plained before, long rf combs rendered relaxation times which varied 

according to the rf comb length. 

After annealing the Ni sample, we obtained a purely exponential 

curve like c). It is not obvious why curve c) has a faster relaxation 

time than curve b) ; we bel:i,.eve that in the latter there was an additional 

effect, probably surface oxidation, closely connected with the deteriora-

tion of the signal which was explaine~ before~ Besides, it was found 

that after repeating the experiment with the alloys, the relaxation 

times tended to increase. However, the pure Ni·samples were much more 

stable. Note that in the latter the particles had a roughly spherical 

shape, while in the alloys the particles were rod-like (with a bigger 



,, 
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surface area). This fact reinforces the oxidation hypothesis. 

The accuracy of our results is not determined by the errors of 

our measurements, but by the change in sample properties. For. pure Ni 

samples, we obtained relaxation times from 47 to 52 msec when the 

temperature was 4.2°K and the external magnetic field 6 kG. As an 

average value, we present: T1 = 50 msec ± 5%. 

I th N. Pd 11 2 t % t t• th ·N· 61 1 t• t• n .e ··~- a oy, a.~ concen ra ~on, e 1 re axa 1on ~me 

varied from 43 to 61 msec in the sameconditions of temperature and 

magnetic field. Note that the average is about the same of the pure Ni. 

We shall see that the Pd relaxation time is not needed in absolute 

value for the calculations. Only the ratio ~d/~i is used. Fortunately, 

when we measured the Pd relaxation, .the Ni relaxation in the alloy was 

' 
rendering about 50 msec so_that the Pd value can be well considered the 

average. We got T1 = 580 msec for Pd105 at 4 .2°K. 

T · the N~ 61 We tested the constancy of the product 1T for ... relaxation 

in the alloy. We made two consecutive measurements at 4. 2°K and 2.1 °K 

(in order to avoid the oxidation drift). We obtained Ti = 61 msec at 

4 .2°K and T1 = 128 msec at 2.1 °K, so that T1 T is constant within the 

experimental error. 

·III. INTERPRETATION OF RESULTS 

A. Theory of Spin-Lattice Relaxation 

We define a normalized relaxation rateR as: 
... 

R = {y2 T T)-~ 
. n 1 · 

where yn is the nuclear gyromagnetic ratio, T1 is the nuclear spin-lattice 



,, 
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relaxation time and T is the lattice temperature. There are several 

contributions toR; we shall,consider here the relaxation due to the 

interaction withthe orbital electronic moment, Rorb, and the dipolar 

interaction with the electronic spin, Rdip. ·Following Obata's 

"1.0 -
treatment we get: ' .. 

(1} 

where kB is the Boltzmann'~. constant, y e = 2]JB/h is the electronic 

gyrpmagnetic ratio (]JB is the Bohr magneton), < r .-3 > is an average at 

the Fermi energy, with r equal to the orbital radius, N~(EF) is the . 

density of states per atom of.d electrons with spin a only at the Fermi 

energy EF and fcr is-the ~ractional admixture of d(t2g) states of spin cr. 

In addition, we have the well-known contact interaction with 

s-electrons. The contact relaxation rate, Rc , derived by Kor:ringa, 9 

is given by 

'· 
'. 

where u
0 

(0) is the electronic .s-wavefunction at a nuclear site. . The 

average < !u a (0) )2 
> is taken at the Fermi energy. N-~. (EF) is the 

. F 
s-density of states at the Fermi energy for spin a only. For the 
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common case of a non-polarized s-band, where N~(EF) = N: = Ns(EF)/2 and_ 

s s( ) s( · · 
ut(O) = u-t 0 = u 0), we have 

B. · Nickel Relaxation 

Moriya12 made a calculation of the relaxation rate in the case of 

the ferromagnetic metals Fe, Ni, and Co. He considered the above 

mentioned interactions plus other (negligible) effects, like s-d ex-

change interaction, core polarization, and spin_waves. He found that 

the orbital relaxation was dominant and that the agreement with 

experimental measurements was quite satisfactory (within a factor of 2) 

after correcting a mistake in the density of states, 32 Here we shall 

repeat the calculations in the light of better values of the various 

parameters needed and o~r new experimental results. 

· We obtained the average · ( r - 3 ) from a table of atomic wavefunctions 

(calcul~ted. by Herman and Skillman33 ) and a numerical integration. Two 

wavefUnctions for nickel are tabulated, one corresponding to the 

3d9s1 electronic configuration and the other to 3d8s2 • The resultant 

average differ by less thanlO%, so that it is reasonably accurate 

to extrapolate linearly to the configuration 3d9 •4s0 •6 which occurs in 

Ni metal. The result is: I 
I 
I 
j· 

I 
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We adopted this method of calculating ( r - 3 ) for considering. it 

more direct and reliable than deriving it from hyperfine data. We 

assumed also that the average at the Fermi surface is the same as in 

the free atom, because of the localized character of the wavefunctions 

near the top of the d-b and (where_ .the Fermi energy lies) . 

The densities of states for sand d electrons at the Fermi surface 

are calculated as follows: we use a total density of states N(EF) 

taken from an .APW band structure calc1,1lation for Ni metal made by 

34 Connolly. Its value is: 

·' 

d 
We assume, with Moriya, that Nt (EF) = 0 for Ni and that: 

N9 (EF) is calculated from a free-electron model and the knoWn 

value of the density of states of copper.·· The latter has only s densi:ty 

of states at the Fermi surface. Otherwise,·its electronic structure is 

similar to that of Ni. An APW calculation by Burdick35 gives: 

N~u(EF) = 1.4 x 1011 states (erg atom)-1 • 

. The Ni s-density of stat~s is calculated from 
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N~i(EF) 

N~u(EF) 

where V is the atomic volume and n is the n1imber of s-electrons per 
0 

atom (equal to 0. 6 for Ni and 1 for Cu) . We get finally: 

s ( ) 11 . ( . . ) -1 .NNi EF . = 1.12 x 10 states erg· atom .· . 

. 12 ( .· )-1 
x 10 states erg atoni . . 

We believe the density of states derived from the bandstructure 

calculation is more accurate for our purposes than the one calculated • 
from specific heat measurements. The latter is enhanced by the elect.ron­

:P:P.onon interaction and the electron-magnon interaction. 36 

Finally, the fractional .admixture coefficient fi- was obtained1 from. 

an experiment of Bragg diffraction of polarized neutrons in Ni metal, 

made by Mock. 37 His result is: fi- = 0.81. 

By substitution of the numerical values, we get: 

~~b = 0.62 X 10-6 . 

R~~p = 0.017 X 10-6. 
-~l. 

... 

Finally, we estimate the s...;contact relaxation indirectly~ from 

relaxation data of copper metal. Assuming that in the.latter the 

I 
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s-contact relaxation is dominant~ we have. 

0.64. 

; Relaxation time in· Cu metal was measured by Anderson and.Redfield. 38 

They found T1T = 1.27 for Cu, hence: 

~i = 0.0102 X 10-6 . 

Thus the s-contact relaxation in Ni is 1.3%of the orbital relaxation. 

·· Adding the three effects , we get: 

So. far, we have essentially repeated Moriya 's calculation, but 

-3 d( ) with new values for < r ) and N.j. EF . The firs.t parameter is bigger 

and the second smaller than those used by Moriya. Our final result is 
,il 

about. 20% smaller. On the other hand, our experimental relaxation 

time is longer than the one available at the time of Moriya's paper 

publication. The 6 kG magnetic field effectively swept away the 

domain walls, thereby eliminating the relaxation produced by domain 

wall motion.14 From T1 = 0.05 sec and T = 4.2°K, we get: 

·... '""6 = 0.84 X. lO .. · 

Agreement between theory and experiment are well •ri thin the 
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estimated experimental fi!rror and the U:ncertainti.es in the theoretical 
. . d . ~ . 

ca.].culatlion of Nt{EF) and < r ) • This supports the interpretation of 

the measured Ni relaxation time as caused mainly bythe orbital inter-

action, excluding the effect· of domain wall motion• 

c. Pa.lladiuni Relaxation 

Since the orbital interaction is well established as the dominant 

mechanism of relaxation, we can use the experimental value of the Pd 

relaxation time to obtain the 4-d density of states at the Fermi level 

of the Pd impurity. From formula ( 1) , ~e get : 

orb [ -3 ]2 {[ 4d. ( ) ]2 [ 4d ( ·) ]2} 
RPd- = ( r >Pd. N fPd EF • + NtPd. ~ · ; 

orb -3 ·[ 3d ( ) ]2 · RNi . (r )Ni NtNi EF 

Here we assumed that the f coefficients.. for the Pd impurity are equal 

to. those of ~i~ This assumption can be removed without too much change · 

in the final results, since therelaxMion rate does not depend very 

strongly on f. 

'fhe average ( r-3 ) for ·4-d orbitals in Pd is calculated in the same 

way as the one for ·3-d orbitals in Ni. In this case; we just use the 

listed table for the 4d10 configtiration. ·We get: 

( r -3 ) . . = 6 
.·. Pd 7. 5 a.u. 

From the experimental ~esult, T
1 

= ci .58 sec at 4 .2°K for "Pd, we 

get: 
! 
l· 

l 
I 
I 
j. 
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·~.rdb (evn} . 4 . -6 --p ~.1;' = 9 o 3 X lQ e 

Hence, 

12 ( )-1 = 0.99 x 10 states · erg atom .• 

"".D. Description .of the Impurity State 

The problem of finding the impurity levels has not yet been solved 

quantitatively. In the Ni-Pd ca.se, all we can do is to gather several 

experimental facts (including our measurements) and propose a structure 

that would agree reasonably well with all of them. We are interested 
,..,._ ,. 

in the shape of the Pd levels and their position with respect to the 

Fermi energy. Fig. 4 shows several possibilities. The spin up and·. 

spin down states are drawn separately to take i~to account a possible 

splitting. In all cases, the ordinates represent the electron energy 

with respect to the Fermi energy and the abscissae are the impurity · 

density of states. The area under each sub-band corresponds to five 

electrons per atom. States are filled up to the Fermi energy (shadowed.· 

areas). 

Straightforward considerations: .allow. us to neglect immediately 

most cases. Because of charge neutrality within the impurity cell, 

we can eliminate cases f, g, h, and i •. Because of the ferromagnetic 

state of the alloy, we may assume there is a molecular field acting on· 

· the Pd 4d-levels. from the exchange interaction between 3d electrons of 
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Ni and 4d electrons of Pd. T.~erefore, we exclude cases a and d. Our 

measurement of the Pd relaxation time tells that there is a sizeable 

density of states of the impurity level at the Fermi energy. Because 

of this experimental fac;:t, _ we eliminate case c. The only remaining 

possibilities are b and e, Note _that case b is similar to the 3-d. 

band in nickel metal. It is interesting to estimate for this model 

the number of holes in the 4di- levels. Let us assume that the density 

of states vs energy curve has a_parabolic shape near the Ferm~ energy, 

or E - [N(E) 12, where E is the energy measured from the inte.rcept of - . 

the curve with the E axis, so that N(O) = 0. In this approximation, 

the number of holes nh is given by: 

We obtain a rough estimate of nh for the Pd impurity by assuming 

that the Ni 3d band has the same shape and using the known values of 

N(EF) and nh for Ni. The latter comes from measurements of the g-fac­

tor18 equal to 2.18 and the saturation magnetization, 39 which give 

(~ )Pd = 0.11 holes/atom •. 

In order to examine the possibility of case e, let us estimate 

the splitting of the 4d sub-bands of the impurity. We may assume in a 
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first approximation it is of the same order of the splitting of the 

34 3d, sub-bands of Ni. The la.tter is not known accurately. Connolly 

found a 0.9 eV splitting in an APW calculation of the band structure. 

Zornberg40 obtained a smaller splitting between 0.4 and 0.6 eV, from 

optical spectra data. Phi~J.ips 41 •tabulates the results of many authors, 

ranging from 0.3 to 1.7 eV, and finally estimates a splitting of 

0.5 ± 0.1 eV in coincidence with Zornberg. 

A 0.5 eV splitting would eliminate immediately case e of Fig. 4 

because the density of states at the Fermi surface would be higher 

than the Ni 3d density of· states. Our measurements show just the 

4d < 3d . 
opposite resu'1t: NPd NNi. 

On choosing model b, there are two important consequences: 1) a 

density of states that agre:es with 'our measurements of spin-lattice 

relaxation time and 2) a small magnetic moment localized at the impurity~ 

Its value is obtained from thecalculated number of holes,~= 0.11 and 

the measured value of the orbital contribution. Fischer, Herr, and 

.·· 18 .. ' 
Meyer obtained for Pd a g~factor of 2.58 in Ni_.Pd alloys. Hence: 

We have to emphasize now that this result is the consequence of a 
simple model that assumes equal shape for the 4d impurity levels and 

the 3d Ni band.· 

E. Discussion 

Here we would like to compare the preduction of a moment·of O.l4lJB. 

localized at the Pd impurity.(from our model) ~ith the results of other 

' ·' 
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experiments. 

l. 1Jle Hyperfine Field at the Pd Nucleus 

In ferromagnetic alloys the two dominant ·contributions to the 

hyperfine fie~d are: 8 contact interaction by conduction electrons and 

contact interaction by s-core elec'trons. Both are polarized by s..:d 

exchange. The core polarization.is important if there is a magnetic 

moment at the impurity site. Shirley, Rosenblum,. and Matthias 42 

calculated a conduction electron contribution of -79 kOe for the Pd 

impurity in Ni. Since the total hyperfine field is -194 kOe, there is 

an additional -115 kOe field that they attributed to s-core polarization. 

From there, a magnetic moment of 0.3 )JB at the Pd site was obtained. 

Note that calculations of hyperfine fields use the exchange-
. . 8 

· polarized Hartree-Fock method, where the wavefunctions of opposite 

spi.n direction are evaluated separately. The net spin density results 

as a difference between the two charge densities of opposite spins. 

The difference turns out to be much smaller than each term, so that 

there may be a large relative error. That is the reason why the 

hyperfine field prediction of the Pd magnetic moment cannot be considered 

more accuratethan the one derived from our measurement of the Pd 

relaxation time. We do not see, therefQre, a substantial disagreement 

between both results. 

b) Measurement ofthe magnetic moment by neutron scattering 

Cable and Child T performed experiments of Bragg . and diffuse 

scattering of polarized neutrons in four Ni-Pd alloys. The Pd cqncen-

tration·ranged froni 25 to 92 at.%. They found that both the Pd and the 

Ni magnetic moments increased with Pd concentration in the Ni-rich 
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region. Their values are: For_ Pd, (0.00 ±. 0.03) )JB and (.0.17 ± O.Ol)JJ:B 

in the 25 at.% alloy and the· 50 at.% alloy, respectively. For Ni, 

(0. 81 ± b. 01.) )JB and (1. 02 ± 0. 01) )JB in; the same ~lloys. From the 

observed trend,,and the measured values, they predicted that the 

P<l moment would be zero for very dilute alloys. Unfortunately, neutron 

scattering does. not yield observable results for Ni-rich, very 9-ilute 

alloys and one has to rely on a.n extrapolation (as Cable and Child did) 

or use an indirect method of obtaining the magnetic moment (as in 

our experiment). The different results do not show a fundamental 

disagreement, but they rather indicate the domain where each method 

gives reliable results • Even at 25 at.% concentration, the neutron 

diffuse scattering measur'e~ent· requires a sizable correction for 

multiple Bragg scattering, so that the calc~ated Pd moment for the 

25.at.%alloy is less reliable than the one for the more concentrated 

43 alloys. 

c) Magnetization vs concentration for Ni-Pd alloys 

Crangle and Scott17 and Fischer, Herr, and Meyer18 measured the 

average magnetic moment per atom, Mav' as a function of concentration. 

They found that M decreases linearly with Pd concentration from 0 up av 

to 50% Pd. In this region of concentration, the following relation i·s 

followed very closely: 
) 

M = (0.616 av 0.11 c) )JB 

where c is the Pd concentration. For c > 0.5, M drops faster and av 

vanishes at about c ~ 0.98. 

"'· 
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_ It was suggested that for c < 0. 5, the Ni moment remains constant 

'(0~616 JJB). and each Pd atom contributes with 0.506 lJB. However, the 

Pd contribution'does not need to be localized at the Pd atom. It can 

be shared by the neighbor Ni atoms, as proposed by Ca'ble and Child. 7 

Analogously, a magnetic moment disturbance on the impurity neighbors 

has been found by neutron diffuse scatt~ring in other alloys. 3 '
4

' 6 . 

Let us assume the Pd impurity has a 0.14 lJB moment (as proposed 

before) and only the nearest neighbors have a bigger moment, so that 

the total Pd contribution is 0.506 lJB.- Thus the twelve nearest 
. . . 

neighbors have an extra moment of (0.506 - 0.14) lJB = 0.366 lJB and 

each one of them has an extra moment of 0.031 JJB' or a·o.647 lJB 

total moment. 

We think the explanation of the enhanced Ni moment is part of 
. 44 . 

the whole problem of the Pd states in Ni. Stearns postulated that 

there is an anti-ferromagnetic indirect interaction via s-conduction 
I 

electrons, to explain the Mossbauer spectra of alloys of iron with 

different impurities. If the same effect occurs in the Ni-Pd alloys, 

then the lack of moment on the Pd atom would increase the moment on 

the Ni neighbors. We present now another ~ualitative explanation 

b~sed on screening effects. It is known that in free Pd atoms the 

4d orbitals have a lower ene~gy than 3d orbitals in Ni (see, for 

example, Herman and Skillman's .calculations33 ). The origin of this 

fact is that the 4d orbitals in _Pd have a sizable density in· regions 

of space where the extra nuclear charge has not been screened by the 

inner electronic shells. Therefore the 4d. states of Pd in the alloy 

are more filled than the' 3d states of Ni because of the extra· nuclear 
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charge of Pd, in agree~ent with our previous conclusions. There is 

an extra negati.ve charge of 0.565-0.11 = 0.45 electrons per atom, to 

be screened by's-conduction electrons- and 3d electrons from the Ni 

nearest neighbors. In other words, 3d and 4s electrons from the Ni 

nearest neighbors move in to partially fill the Pd 4d states. · Since 

only the spin doWn sub-band has a lar.ge density of states at the 

Fermi. energy, the screening will be done by 3d"' electrons, thereby 

increas-ing the magnetic moment of the Ni nearest neighbors. 

V. SUMMARY AND CONCLUSIONS 

We detected the NMR and measured the spin-lattice relaxation time 

of Ni61 and Pd105 in a Ni-Pd alloy, 2 ~t.% con~entration. The Ni61 

relaxation time agrees with a theoretical model in which the dominant 

mechanism of relaxation is_an interaction with orbital fluctuations of 

d electrons. Assuming that the same mechanism applies to the Pd105 

relaxation, we derived the v~ue for the density of states at the Fermi 

surface of the 4-d Pd levels. From this, we inferred a magnetic 

moment at the Pd impurity, and estimated its value to be 0.14 JJ.B. 

The accuracy of this result is limited by the assumption that the 4-d 

Pd levels have a density of states curve of the same shape as that of 

the 3-d Ni levels. We adopted this assumption for lack of anything 

better. This result does not disagree substantiallywith measurements 

of the hyperfine field42 and experiments using diffuse neutron scatter­

. 7 J.ng. 

Next, we presented a model of magnetic moment distribution around 

the impurity, made to agree with bulk magnetization measurements, as 

first suggested by Cable and Child. 7 Only nearest neighbors are perturbed 
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with respect to the pure host. In order to test this model, it would 

be
1
interesting to observe the structure of the NMR Ni61 line in the 

e.iloy. One would expect a satellite line because of the different 

environment of the Ni61 nearest neighbors to the Pd impurity. A 

similar situation was found in a Co-Ni alloy by LaForce, Ravitz, and 

Day, 45 and Riedi and Scurlock. 46 We can estimate. the displacement of 

the satellite line from the calcUlations of'hyperfine fields by 

. 42 
-Shirley, Rosenblum, and Matthias. Suppose there is only a change of 

the core polarization field produced .by the change of the magnetic 

moment. In Ni metal, the calculated core polarization field is -50 kG. 

Hence, in the nearest neighbors to the Pd impurity, we would have a 

change in the hyperfine·field lbfs: 

AH = ...,50 X 0.031/0.616 = -2.5 kG. -nfs 

That means an increase of frequency of 0.95 MHz, which can be 

easily detec:ted~ 

Our work is part of .a wide...;range project of study of p.ifferent 

impurities in Ni.. The first case was a Ni-Cu alloy, studied by 

Bancroft,15 who found that there was no magneti,c moment at the Cu site. 

·The Cu impurity has very·similar electron levels toNi and differs only 

in one unit of valence. In our case, Pd has the same valence as·Ni, 

but differs only in atomic size. l>le can see that Cu and Pd are two 

qualitatively different cases, and that other impurities :i.nNi would 

have similar behaviors, approaching.one.of the two cases or something 

intermediate. In particular, we are planning to work with the following 

alloys: Ni-Ft, Ni-Ir, andNi-Rh. 

• •J. 
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FIGURE CAPTIONS 

Fig. 1. Block diagram of the apparatus. 

Fig. 2. Spin-lattice relaxation in Ni metal. Annealed s·ample. 

T
1 

= 52msec, 13·= 0.9, T = 4.2°K . 
. .• 

Fig. 3. Spin-lattice relaxation in different situations: Ni metal 

samples. T= 4.2°K. 

(a) - long comb, produces heating of the sample. T
1 

= 401 msec. 

(b) non-annealed sample. · T
1 

= 375 msec. 

(c} ·· same. as in Fig. 2, but at different scale. T = 52 msec. 
1 

Fig. 4. Density of states vs energy for the impurity levels. Spin 

up and f:!pin down are separated. Nine different possibilities·are 

considered. 
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