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it in a form in which it can be naturally included partly 
in the free-electron energy and partly in the electrostatic 
energy. That term never appears explicitly in the present 
treatment because of our choice of a Hermitian w in 
Eq. (15). Thus, we now have a different effective charge 
for the electrostatic energy, which is equal to the charge 

1. INTRODUCTION 

THE large electronic specific heat Cv and suscepti­
bility x of palladium metal has been a subject of 

some interest for many years.1-5 From AgPd alloying 
studies it has been advanced that the Ad band is shy 
0.4 to 0.6 of an electron of being completely filled. The 
relatively large observed values of the electronic 
specific heat and the susceptibility have been associated 
with the combined effects of a large value of the density 
of states at the Fermi level in the d band Nd(EF) and 
a sizeable intraband exchange interaction. 

Of particular interest is the behavior of the tempera­
ture dependence of x, for it is found2 that x(T) exhibits 
a pronounced maximum in the vicinity of 85 °K. This, 
and the fact that magnetic impurity studies have 

* A preliminary report of portions of this work has been given 
previously, A. C. Gossard and V. Jaccarino, Bull. Am. Phys. Soc. 
7, 556 (1962). 

1 N . F. Mott and H. Jones, The Theory of the Properties of 
Metals and Alloys (Clarendon Press, Oxford, England, 1936). 

2 F. E. Hoare and J. C. Matthews, Proc. Roy. Soc. (London) 
A212, 137 (1952); D. Budworth, F. Hoare, and J. Preston, ibid. 
A257, 250 (1960). 

3 A. J. Manuel and J. M. P. St. Quinton, Proc. Roy. Soc. 
(London) A273, 412 (1963). 

4 E. W. Elcock, P. Rhodes, and A. Teviotdale, Proc. Roy. Soc. 
(London) A221, 53 (1954). 

BM. Shimizu, J. Phys. Soc. Japan 16, 1114 (1961). References 
to other theoretical work are given in this article. 

on the ion plus the orthogonalization charge at each ion. 
In addition, the free-electron energy is simpler in form. 
The separation given here, which is the same as that 
used by Pick and Sarma,4 seems much more natural 
than the one that we used earlier, though the total 
energy is the same in either case. 

shown6-8 Pd to be an extremely polarizable metal have 
quite naturally led to the belief9 that an ordered anti-
ferromagnetic spin state occurs below 85 °K. Alterna­
tively it has been suggested4 that the anomalous peak 
in x{T) could be obtained from an unusual shape to the 
density-of-states curves in the region of the Fermi level. 
Recent precise calorimetric measurements10 have shown 
there is no measurable specific-heat anomaly at the 
temperature corresponding to the maximum in x(T) 
as would be expected from a second-order transition. 
In addition neutron diffraction measurements11 have 
established that at low temperatures the spontaneous 
moment per Pd atom must be less than 0.03 Bohr 
magnetons. Observations of the nuclear magnetic reso­
nance (NMR) of Pd105 in Pd metal at low temperatures 
indicated that the upper limit on the magnetic moment 
per atom must be several orders of magnitude smaller 
than that which is deduced from the neutron experi­
ments. (We will discuss the meaning of the latter two 
experiments later on.) Thus it appears there is little to 
support the conjecture of antiferromagnetism in Pd 
metal. 

6 F. W. Constant, Phvs. Rev. 36, 1654 (1930). 
7 D. Gerstenberg, Ann. Physik 2, 236 (1958). 
8 J. Crangle, Phil. Mag. 5, 335 (1960). 
9 A. B. Lidiard, Proc. Roy. Soc. (London) A224, 161 (1954). 
10 J. Crangle and T. F. Smith, Phys. Rev. Letters 9, 86 (1962). 
11 S. C. Abrahams, Phys. Chem. Solids 24, 589 (1963). 
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The nuclear magnetic resonance (NMR) of Pd105 has been observed for the first time. The temperature de­
pendence of the Pd105 NMR in palladium metal was studied in the region 1.4 to 300°K. The relatively large 
linewidth (5H = 9 ± 2 Oe) at all temperatures necessitated the use of continuous averaging techniques to ob­
tain the requisite sensitivity. The field for resonance, at a fixed frequency, was found to have a maximum in 
the vicinity of 85°K, as does the susceptibility x (T). From an analysis of the temperature dependence of the 
Knight shift K(T) and of x (T) it was deduced that: (1) d-spin paramagnetism is responsible for the observed 
behavior of K(T) and x(T), (2) the principle contribution to K in Pd arises from ^-spin-induced core 
polarization and (3) the core-polarization hyperfine field Hcp—— 689±20kOe/spin. From a partitioning of 
the various contributions to K, x, and the specific heat, an estimated value of 1/TIO^L0.8T sec-1 °K is ob­
tained for the nuclear spin-lattice relaxation rate at low temperatures. It is shown that the "knee" in x(T) is 
not associated with a static antiferromagnetic ordering; an upper limit of 10~5 IXB per Pd atom for the spon­
taneous moment at low temperatures is obtained. A diamagnetically uncorrected value of the Pd105 nuclear 
moment/z105= — 0.639±0.003 nmwas determined. 
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FIG. 1. A block diagram of the experimental apparatus showing 
the use of the multichannel analyzer for continuous averaging as 
used to supplement conventional detection techniques. 

The present work extends the observations of NMR 
in Pd metal from 4.2 to 293 °K. The shift in the field for 
resonance at a fixed frequency is found to be tempera­
ture-dependent, passing through a maximum in the 
same region where the susceptibility has its maximum. 
A comparison of the two measurements, with tempera­
ture the implicit parameter, shows that the Knight 
shift and % are linearly related. From this relation the 
magnitude and sign of the hyperfine field resulting from 
core polarization of inner shell s electrons by the spin 
paramagnetism of the Ad band electrons may be 
determined. 

Since the magnitude of the Pd105 nuclear magnetic 
moment was previously known12 to an accuracy of only 
±10%, it is not possible to determine an exact value 
for the Pd metal Knight shift. However, from the ob­
served temperature dependence of the NMR and % 
and using reasonable estimates for s conduction electron 
and d band orbital contributions to the Knight shift 
and susceptibility, we may determine a value of the 
nuclear moment of Pd105 with an accuracy of i t 0.4%. 

2. EXPERIMENTAL DETAILS 

The sample material consisted of particles, less than 
0.04 mm in their largest dimension, obtained from 
99.999% pure Pd sponge.13 Measurements at 4.2, 20.4, 
and 77°K were made by inserting the sample directly 
in a bath of liquid helium, hydrogen, and nitrogen, 
respectively. To achieve temperatures intermediate to 
the region 90-300°K a Varian No. 4540 temperature 
control unit was utilized. A crossed coil spectrometer 
was used for the NMR measurements along with a 
conventional electromagnet. 

When intensity considerations permitted, resonances 
were observed by displaying the spectrometer's output 
directly on a strip chart recorder. Above 20°K, the 
Pd105 NMR was not sufficiently intense to permit 

12 A. Steudel, Z. Physik 133, 438 (1952). 
13 United Mineral and Chemical Corporation, New York, 

New York. 

observation by this conventional detection scheme. An 
enhancement of the signal-to-noise ratio was obtained 
by the method of continuous averaging.14 In this 
method, one repeatedly sweeps through the resonance, 
obtaining many traces of a resonance buried in noise. 
The traces are then summed to form a composite picture 
of a clearly observable resonance. The summation may 
be performed automatically by storing each trace in 
the memory of a multichannel analyzer. 

To accomplish this (see Fig. 1) a periodic voltage 
was injected into the current regulating circuit of the 
electromagnet's power supply. Magnetic field sweeps of 
about 200 G were obtained using a triangular wave 
with frequency of 0.06 cps. The oscillator supplying the 
wave form also provided synchronization pulses mark­
ing the initiation of each cycle. The synchronization 
pulse triggered a timing circuit which provided a cycle of 
400 pulses, each separated by 40 msec. Each of these 
pulses advanced, by one unit, the address of a 400 chan­
nel multichannel analyzer. Thus the analyzer completely 
passed through its 400 channels | of a second before the 
next synchronization pulse reinitiated the cycle. This 
established a correspondence between channel address 
and the instantaneous magnetic field. During each of 
the 40-msec periods allotted to an analyzer channel, the 
output voltage of the spectrometer's phase detector was 
sampled by an analog-to-digital converter. The con­
verter pulses were then added to the counts already 
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FIG. 2. An oscilloscope photograph of the derivative of the 
Pd105 dispersion curve in palladium metal at 295°K after 360 
cycles of the magnetic field through resonance. The lock-in 
amplifier preceding the analyzer had a 0.8-sec time constant. Only 
100 of the analyzer 400 channels are displayed on the photograph. 

14 M. P. Klein and G. W. Barton, Jr., Rev. Sci. Instr. 34, 754 
(1963). 
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stored in the memory for that channel of the analyzer. 
After one pass through the 400 channels the memory 
contained a digitalized form of the trace that would 
have been observed if the phase detector output had 
been displayed on a recorder. Most important is that 
after n complete cycles the signal-to-noise ratio has 
increased by \/n.u Figure 2 is an oscilloscope photo­
graph of the Pd NMR at 293 °K after 360 cycles of the 
magnetic field through resonance. 

3. EXPERIMENTAL RESULTS 

Temperature Dependence of the 
Field for Resonance 

With the spectrometer frequency held at 2.6830 
Mc/sec, the field for the Pd105 resonance at the various 
temperatures was determined, using a proton NMR 
field measuring probe. As shown in Fig. 3, the field for 
resonance H was strongly temperature-dependent, rising 
to a maximum in the vicinity of 85°K where the mag­
netic susceptibility of Pd metal also exhibits a maxi­
mum.2 As shown in Fig. 4, a plot of H versus x, with 
temperature as an implicit variable, is a straight line. 
The extrapolated intercept Hi of this fine with the H 
axis occurs at a field of 13 666±14 Oe. 

Linewidths and Intensities 

At all temperatures it was possible to observe the 
dispersion signals of the Pd NMR at high rf levels. By 
contrast, the absorption signal was visible only above 
100°K under these same conditions. Estimates of the 
nuclear spin lattice relaxation time T\ (see Sec. 5) 
indicated that the absorption signal would not saturate 
below 20°K provided Hxi did not exceed 40 mOe. 
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FIG. 3. The experimentally observed field for resonance, at a 
fixed frequency of p = 2.6830 Mc/sec, for the Pd NMR in pal­
ladium metal as a function of temperature. The measurement of 
the temperature dependence of the susceptibility by Hoare and 
collaborators (see Ref. 2) showing the familiar "knee" at approxi­
mately 85 °K is shown as well. 
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FIG. 4. The experimentally observed field for resonance of the 
Pd105 NMR in palladium metal versus the susceptibility with 
temperature the inplicit variable. 

Indeed at very low rf power levels an absorption signal 
was observed at temperatures as low as 4.2°K. 

The separation between the extrema of the derivative 
of the absorption signal dH was found to vary insignifi­
cantly from 4.2 <-> 300°K; in this range 8H^9d=2 Oe. 
It is estimated that the random shapes of the particles 
and the high susceptibility of palladium results in a 
demagnetization broadening of approximately 4 Oe at 
15 kOe.15 Since the susceptibility changes by more 
than 25% between 80 and 300°K and no corresponding 
change was observed in dH, it appears that this cannot 
be the major source of linewidth. 

Nuclear dipolar broadening accounts for less than 
| Oe of linewidth. Consideration of the high purity of 
the sample would suggest magnetic impurities make a 
negligible contribution to 5H. Similarly, the long Z\, 
particularly at low temperatures, would indicate "life­
time" effects to be of little consequence. It was therefore 
concluded that the major part of the observed linewidth 
is associated with either a spatial variation of the 
Knight shift or quadrupolar broadening resulting from 
strains, dislocations or imperfections in the samples; 
the latter being the most probable of the two since 8H 
was not dependent on %• 

No attempt was made to examine the field depend­
ence of the linewidth or intensity since the operating 

16 L. E. Drain, Proc. Phys. Soc. (London) 80, 1380 (1962). It 
appears from NMR measurements that we have made in platinum 
metal that the demagnetizing broadening that one would expect 
in a sponge somewhat exceeds the estimates given in this refer­
ence. Our value of dH = 4 Oe is obtained by scaling the platinum 
measurements from a comparison of the susceptibilities of the 
two metals. 
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field (p^lS kOe), approximately the maximum field 
available, already corresponded to the lowest frequency 
at which the NMR spectrometer could be operated. 
This unfortunate circumstance made it impossible to 
distinguish between these various contributions to the 
linewidth. 

Clearly more detailed studies of line shapes and in­
tensities are indicated; they must await the availability 
of much higher fields for N M R studies. 

In measuring intensities and line widths, difficulties 
were encountered insofar as the signal amplitude varied 
in samples obtained at different times from the same 
source as well as in any one sample if it was "con­
taminated." In particular it was noted that the reso­
nance intensity deteriorated in samples accidentally 
exposed to hydrogen gas at room temperature.16 De­
liberate hydrogenation of the Pd obliterated the reso­
nance, a fact that was ascertained by searching for a 
broad line over an extended range (d= 10%) of magnetic 
fields centered about the intercept field Hi, with no 
success. 

4. INTERPRETATION 

Contributions to the Susceptibility 
and Knight Shift 

Susceptibility 

The procedure we will follow for interpreting the 
temperature dependence of the N M R and the suscepti­
bility in palladium parallels that previously used for 
platinum17; a simplified two-band (d and s) model is 
assumed to describe the spin paramagnetism of the 
conduction electrons. The s electrons are treated as 
free electrons (m*—m) and a tight-binding approxima­
tion made for the d electrons; the latter assumption is 
particularly useful for estimating the orbital para­
magnetism of the incompletely filled degenerate d band. 
The total susceptibility % may be expressed as 

X(T) = fXp*+Xpd(T)+Xvv+Xdia, (1) 

where XP
S and X-pd(T) are the Pauli spin susceptibilities 

of the s and d electrons, respectively. The latter is 
assumed to be a function of temperature because of a 
sizeable variation of the density of states N(E) with 
energy in the vicinity of the Fermi level EF. A further 
enhancement of the temperature dependence of Xpd will 
result from the exchange interaction between the d 
holes. 

The factor § represents the correction to XP
S for the 

Landau diamagnetism XLS ; i.e., X L S = : — | X p s when 
m*=m. Because the d electrons have a large effective 
mass Xi/<3CXprf we may safely neglect Xi/. Xyv is the ana-

16 D. P. Smith, Hydrogen in Metals (Chicago University Press, 
Chicago, 1948). 

17 A. M. Clogston, V. Jaccarino, and Y. Yafet, Phys. Rev. 134, 
A650 (1964). 

log in degenerate-band metals18 of the familiar Van Vleck 
temperature-independent orbital susceptibility. Xdia in­
cludes all of the diamagnetic susceptibility of the core 
electrons plus the filled portion of the d band. 

XP
S: It has been determined19,2,5 previously that rid, 

the number of d holes/atom in the unfilled Pd 4d band, 
is equal to 0.4-0.6. Since in our two-band model it is 
required that na^ns, the number of s electrons/atom in 
the occupied part of the s band, we take ns=0.5 from 
which we obtain20 XP

S=6.2X10~6 emu/mole. 
Xdia: A reasonable estimate for Xdia is obtained by 

subtracting the free-electron spin susceptibility (ns~ 1) 
from the measured X of Ag metal since for our purposes 
Pd(Z=46) and Ag(Z=47) differ only by the latter 
having the 4d band filled, ^ = 0. The value computed 
for xdia is — 25X10~6 emu/mole. 

Xvv* In Pt, XVv was determined from a graphical 
analysis of Knight shift versus susceptibility, a pro­
cedure which we cannot use at present because the 
nuclear moment of Pd105 has not been determined by 
observation of Pd105 NMR in a nonmetallic, nonmag­
netic reference and thus the "zero" of Knight shifts 
has not been established. (We discuss unsuccessful 
efforts to do so in Sec. 5.) Considering the qualitative 
similarities in the electronic properties of Pd and Pt 
alloys as indicating the respective 4d and Sd bands to 
be occupied to the same extent one would expect 
(Xvv)pd— 25X10 - 6 emu/mole. Alternatively, by "scal­
ing" the value previously determined for V metal 
according to the prescription17 

(Xvv)pd/(Xvv)v= (NQN.u)j>d/(NoNu)Y, 

where 7V0 and Nu are the respective numbers of occupied 
and unoccupied states in the d band and NQ+N%1= 10/ 
atom, one finds (XVv)pd^30X10"~6 emu/mole21; we 
take this latter value and assume it to be in error no 
more than =b50%. Since |X P

s +X d i a - fX V v<10Xl0 - 6 

emu/mole, whereas xOO is larger than 500X10"6 emu/ 
mole below 300°K it is seen that for all practical pur­
poses X(D-X P

r f (T) . 

Knight Shift 

The three contributions to the Knight shift of the 
Pd105 NMR are those arising from the ^-conduction-
electron contact hyperfine interaction, the polarization 
of the core electrons by the d spin moments, and the 
orbital hyperfine interaction associated with the field-
induced orbital paramagnetism. 

18 R. Kubo and Y. Obata, J. Phys. Soc. Japan 11, 547 (1956). 
19 P. Wohlforth, Proc. Leeds Phil. Soc. 5, 89 (1948). 
20 The molar spin susceptibility is given by Xps = 1.86X10~6 

X (M/p)2%r1/3, where for Pd the molecular weight M = 106.4 
and the density p —12.16 g/cm3. 

21 We have used a value of (XVV)V=150X10~ 6 emu/mole 
which is an average of the value deduced from Knight shift studies 
[A. M. Clogston, A. C. Gossard, V. Jaccarino and Y. Yafet, 
Phys. Rev. Letters 9, 262 (1962)] and that which was obtained 
from a simplified band calculation for chromium [J. S. Denbigh 
and W. M. Lomer, Proc. Phys. Soc. (London) 82, 156 (1963)]. 
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In terms of the corresponding susceptibilities the 
various contributions to the Knight shift may be ex­
pressed as17 

K(T)=a8Xj><+adXj>d(T)+t3XYv, (2) 

where as and aa are 0.895X10~4 times the hyperfine 
fields per spin for the s contact and d core polarization 
processes, respectively, and /3= (2/A)(l/r3)met, all in 
the metal, and A is Avogadro's number. I t remains to 
estimate as, aa, and /3. 

as: Using a value of the nuclear moment nn
m 

— —0.639 nm22 the optical hyperfine structure studies12 

of the transition 4:d95p <-> 4d95s yield a value of the 
free-atom 5s hyperfine field # 5 s = 9 . 2 1 X l 0 6 Oe. The 5 
hyperfine field in the metal differs from that of the free 
atom, Hs(metal) = %SHS(atom); we use the experimen­
tally determined value of £ s=0.7 found for Ag as that 
appropriate to Pd. The uncertainty in the value of as 

= 5.8X102 thus determined arises principally from the 
uncertainty in £s; i£s = 0.36%. 

ad: Since it is explicitly assumed in (1) and (2) that 
only XP

d is temperature-dependent it is to be expected 
that, as a function of temperature, K and % will be 
linearly related. With the value of fxn

105 assumed, the 
experimentally observed fields for resonance may be 
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FIG. 5. The Knight shift of the Pd105 NMR in palladium metal 
versus the susceptibility with temperature the implicit variable. 
The zero of the Knight shift scale is not precisely known because 
the nuclear moment of Pd106 has been determined to an accuracy 
of only ±0.4%. 

22 The manner in which the nuclear moment was determined 
from our experiments is discussed in Sec. 5. 
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FIG. 6. A complete Knight shift versus susceptibility diagram 

for palladium metal. The solid line is the "observed" portion of 
the diagram shown in Fig. 5. The numerical details for construct­
ing the diagram are given in the text. This figure should be com­
pared with the corresponding one for platinum; Ref. 14, Fig. 2. 

expressed as Knight shifts. The data of Fig. 4 replotted 
in this fashion are shown in Fig. 5 from which it is seen 
indeed that K and x are linearly related. From the slope 
dK(T)/dx(T) of the line which provides a best fit to 
the data, a value of a d = — 0.616X102 is obtained cor­
responding to a core polarization hyperfine field per 
spin in the metal of # 4 d = -0 .689X10 6 Oe. I t is inter­
esting to note that, as in P t and V, the hyperfine field 
per spin produced by the d-band electrons is an order 
of magnitude smaller than, and opposite in sign to, that 
resulting from the s-band spin paramagnetism. 

13: The optical data of the Pd1 hfs12 do not determine 
the 4:d orbital hyperfine field with sufficient accuracy 
for our purposes. However it is found that the values of 
{l/rz)u computed from the theory of Breit and Wills,23 

and that deduced from recent Hartree-Fock calcula­
tions24 «1/V3)4d=6.7 and 7.3 a.u., respectively), are in 
satisfactory agreement. We take ( l / r % = 7.0 a.u. as 
a reasonable estimate and assume, as was done for21 V 
and Pt,17 that this value is reduced by some 25% in 
the metal. Thus <lA3)met=5.25 a.u.; £=1.19X10 2 cor­
responding to a hyperfine field per unit angular mo­
mentum of 0.66X 106 Oe and KYv= +0 .36%. 

Construction of a K versus x Diagram 

A graphical representation of the various contribu­
tions to the Knight shift and susceptibility in palladium 
is shown in Fig. 6; the procedure follows that used 
previously for platinum.17 

The estimated s spin and orbital contributions to K 
and x a r e given by the dotted lines in the upper left-
hand corner of the figure after having first corrected 

23 G. Breit and A. Wills, Phys. Rev. 44, 470 (1933); see also 
Ref. 12. 

24 A. J. Freeman and R. E. Watson (private communication). 
We are indebted to these authors for making their calculations of 
{rn) available to us prior to publication. 
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for the core diamagnetism. The solid line in the lower 
right-hand corner is the experimentally observed K 
versus x data shown in Fig. 5. Since the diagram must 
close on itself the solid line is extrapolated towards 
decreasing % until it intersects the orbital contribution 
to K and x at point A. In point of fact since the orbital 
contribution was estimated rather than "determined" 
by this procedure (as was the case in platinum) the 
relative position of the solid line on the ordinate scale 
was adjusted so that the extrapolation of the solid 
line would just coincide with the point A. 

I t is seen that the d-spin contribution to % predomi­
nates over all others and that, as in platinum, the spin 
susceptibility is larger than the value Xsp.ht> obtained 
from the measured electron specific heat. 

5. ESTIMATE OF 2\ IN PALLADIUM 

There are four independent interactions that con­
tribute to the nuclear spin-lattice relaxation time T\ in 
a transition metal; the contact hfs via the ^-conduction 
electrons25 and core polarization,26 orbital,27 and di­
polar27 interactions with the d-band electrons. The 
latter three are adequately described in the approxima­
tion of tight binding. I t is found that for d electrons 
the dipolar interaction is some 25 times smaller than 
the orbital interaction and will therefore be neglected 
in an estimate of T\. 

From the measured core polarization hyperfine field28 

HMf(d) and the estimated values of HM(S) and 
•#h/(orb) we may calculate the separate contributions 
to T\ from the relations26 

1 4TT /7)S\
2 

—=-ZynhBhi'(s)J( - kT^RsT, (3) 
Tls h \AJ 

1 4TT />nd\
2 

Ticp h \AJ 

=R.»mp+w-fn, (4) 
1 4TT /rjd\

2 

= - [ Y ^ # h f ' ( o r b ) ] 2 - £ 2 1 1 / ( 2 - 5 / 3 / ) ] 
Tiorb h \AJ 

^ ^ o r b r [ | / ( 2 - 5 / 3 / ) ] , (5) 

where TJS and rjd are the density of states per mole for 
one direction of the spin and / is the fractional char­
acter of TB d orbitals at the Fermi surface. The total 
relaxation rate 1/Ti is obtained by adding (3), (4), and 
(5). Values of R^l/TiT for two reasonable values of 
/ for palladium are given in Table I along with other 
pertinent parameters. 

I t is interesting to note that, although core polariza-

25 J. Korringa, Physica 16, 601 (1950). 
26 Y. Yafet and V. Jaccarino, Phys. Rev. 133, A1630 (1964). 
27 Y. Obata, J. Phys. Soc. Japan 18, 1020 (1963). 
28 We use the prime to denote field per electron; note that H\xt(d) 

= i#hf(<*), #hf'0?)=§#hf00, and #hf '(orb)=#hf(orb). 

TABLE I. Parameters used for evaluating the contributions to 
the Knight shift and nuclear relaxation time T\ of the Pd106 NMR 
in Pd metal. The first column gives the hyperfine fields per elec­
tron in the metal. The second column gives the density of states 
at the Fermi surface for one direction of the spin using the meas­
ured total value i?/i7 = 12.3X10n cgs/atom and assuming the s 
part to be obtained from a free-electron estimate (ra/m* = l, 
n8 = 0.5). The last column gave the separate contributions to the 
relaxation rates Rs, i?cp, and i?0rb- The total relaxation rate R, 
including the core polarization and orbital reduction factors is 
given for two values of / , the fractional T& character to the d 
functions at the Fermi surface. 

Hhf'(i) in rn/A in 1011 Ri in sec"1 

106 Oe cgs/atom (°K)~1 

Is 3^22 064 012 ™ 
4d(spin) -0.345 11.7 0.45 
U (orbital) 0.664 ••• 1.65 

i? = 0 .8 7 ; / = f 
R=0.63; / = 1 

tion makes the major contribution to the Knight shift, 
it is the orbital interaction which dominates the nuclear 
relaxation rate. Unfortunately, no experimental meas­
urement of Ti in palladium has been made to date. I t 
is expected that R will exhibit a stronger temperature 
dependence in palladium than was the case in platinum.29 

Nuclear Moment of Pd1 0 5 

Ideally the nuclear magnetic moment of any nuclide 
is obtainable from the observation of N M R in a non­
magnetic, nonmetallic liquid or solid containing the 
element of interest. Unfortunately, we have not been 
able to find N M R in such materials (e.g., chloropalladic 
acid30) nor in many intermetallic compounds (e.g., 
Pd2Si, PdGa, Pdln, etc.31) for which it might be assumed 
there would be neither d spin nor orbital contributions 
to the Knight shift. Nearly all of the intermetallic 
compounds had point symmetries lower than cubic at 
the Pd site and the absence of an easily detectable N M R 
in these metals could be attributed to a large nuclear 
electric quadrupole interaction. 

Since only the N M R in palladium metal has been 
obtained, the following procedure was used to deter­
mine the moment. The field for resonance was ex­
trapolated to zero susceptibility along the line shown 
in Fig. 3. The field intercept x= =0 was corrected for s 
and orbital Knight shifts. The value of the nuclear 
moment obtained is 

Mn1 0 5=-0.639±0.003nm. 

When corrected for the diamagnetism of the core elec­
trons32 we find 

M n
1 0«=-0.642=b0.003nin. 

29 See Sec. 4 and Fig. 3 of Ref. 26. 
30 We wish to thank J. P. Remeika for the preparation of the 

chloropalladic acid. 
31 We wish to thank J. H. Wernick for the preparation of nu­

merous palladium intermetallic compounds. 
32 N. F. Ramsey, Nuclear Moments (John Wiley & Sons, Inc., 

New York, 1953), p. 86. 
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The sign was determined in our crossed coil spec­
trometer by comparing the phase of the Pd105 signal 
with that of V51. The error indicated comes entirely 
from the accuracy adjudged in our extrapolation pro­
cedure. The uncorrected value obtained is to be com­
pared with the optical hfs value33 

Mn105=~0.61d=0.04nm. 

6. CONCLUSIONS 

Absence of Antiferromagnetism 

Apart from identifying the various contributions to 
the Knight shift and susceptibility, determining the 
nuclear moment of Pd105 and estimating the nuclear 
relaxation time, the N M R experiment serves to elimi­
nate the possibility of a static antif erromagnetic arrange­
ment of the Pd spin moment as being the origin of the 
"knee" in x versus T. If, as in a classical antif erro-
magnet, the "knee" arose from the fact that Xj. is 
approximately independent of temperature below TV 
and X,, drops to zero monotonically in going from TV 
to 0°K then one would expect in a randomly oriented 
powder that x would have a maximum at TO^TN- How­
ever, were this the case, then the d-spin Knight shifts 
parallel and perpendicular to the ordering direction 
would be different and, in our powdered samples, an 
increase in line width would result when T< T^. 

Assuming that the anisotropy in the susceptibility 
8% would be associated with the d-spin paramagnetism 
then 

5Kcp/Kcp=8Xp
d/X/. 

Since the increase in the linewidth at low temperatures 
at a field of 15 kOe is much less than 6 Oe while the core 
polarization shift at the same field is 600 Oe, it follows 
that 

6 X / / X / « 1 % . 

33 Two values of ^n
105 are obtained in Ref. 12 corresponding to 

distinct hyperfine structure observed on two different optical 
transitions. We are of the opinion that the data obtained from the 
transition 4:d?5s 3Ds—4:d95p 3F4 is most easily interpretable and it 
is the value of ixn

m so determined that is given. 

Moreover, the appearance of a spontaneous moment 
(Sg) below TN would cause the field for resonance to 
vary from Ho+Hcp(Sz) to Ho—HCI>(Sz). Since again no 
increase is observed in the linewidth dH at low 
temperatures 

( 5 , ) r « r i V « 5 F / ^ e p ^ l O - 5 , 

or the spontaneous magnetic moment does not exceed 

io-W 
We have employed the phrase static antiferromagnetic 

arrangement because one might conceive of an ordering 
in which the spins were reoriented in times short 
compared with the nuclear Larmor period, TiP^10~7 

sec. If this be the case the considerations on (SZ)T<KTN 

mentioned above would not be applicable. The corre­
sponding " observation" time in the neutron experiments 
is of the order of 10 -11 sec. There is no evidence to date 
of any antiferromagnet, metallic or otherwise, having 
large fluctuations in (Sz) in such short times. 

Thus, the rather stringent upper limits placed on the 
anisotropy in the susceptibility and the spontaneous 
moment at temperatures well below the "knee" force 
us to conclude that no magnetic ordering exists in 
palladium metal. More than likely the "knee" has its 
origin in the pecularities in the structure of the density 
of states in the d band at energies close to the Fermi 
energy. 

Enhancement of the d-Spin Susceptibility 

The interpretation of the Knight shifts and suscepti­
bility in palladium and the conclusion that the low-
temperature behavior of x(T) does not arise from mag­
netic ordering allows a comparison to be made of 
X d ( r = 0 ° K ) and the corresponding value Xsp-ht- de­
duced from the low-temperature electron specific heat. 
(See discussion of Ref. 17, Sec. III.) The fact that 
X / ( r - 0 ) = 710X10~6 emu/mole is some 5.6 times 
larger than X8P.ht. = 127XlO~6 emu/mole indicates that 
the interaction between the d-band electrons is re­
pulsive. As such, one would conclude that d-band super­
conductivity would not occur in palladium. 


