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A pulsed NMR and magnetic susceptibility study of the electronic structure is reported for the

rapidly quenched metallic glass systems: (Nip 5pPdp 5p) tpp „P„(where 16 =x —26,5),
(Nl&Pdt &)gpP2p (where 0.20 = ~ =0.80), and (Ni~Pt& z)75P25 (where 0.20 = v = 0.6$). The P

Knight shift and nuclear spin-lattice relaxation rate in all three systems'depend only on the P

concentration, x, and not the Ni concentration, v, nor whether the second transition metal is Pd or

Pt. Both the shift and relaxation rate for P are attributed solely to the direct contact hyperfine

interaction. The ' Pt Knight shift and magnetic susceptibility for (Ni~Ptt ~)75P25 do depend on

both the Ni concentration and temperature, enabling a determination of the contributions to the

shift arising from the direct contact hypertine and core polarization interactions. The results are

discussed in terms of a rigid two-band picture with estimates being made for the s- and d-band

densities of states and hyperfine coupling constants. There is strong evidence for a transfer ot'

charge from the P metalloid atoms (M) to the d states of the transition-metal atoms (T)„which
is consistent with the dense random packing model for Ttpp M„metallic glasses.

I. INTRODUCTION

During the past few years, considerable research
effort has been devoted to a class of materials known
as "amorphous metallic alloys" or "metallic glasses",
i.e., solids which have the electrical properties nor-
mally associated with metals, but are not spatially
periodic. This is due to a desire for a reexamin-
ation of some fundamental concepts of solids as well

as possibilities for technological application. One
general family of metallic glasses has the characteris-
tic form Ttas Af„where T is a transition metal (or
combination of transition metals) such as Ni, Pd, Pt,
or Fe, and M is a high-valence metalloid (or combi-
nation of rnetalloids) such as B, C, Si, or P. Typical-
ly, such alloys are prepared by rapid quenching from
the liquid state and possess metalloid compositions
ranging from x =15 to 30 at. 'lo.

This work describes the application of pulsed nu-

clear magnetic resonance (NMR) techniques, supple-

mented by magnetic susceptibility measurements, in

the study of the electronic structure for several Ni-
Pd-P and Ni-Pt-P metallic glasses. The consequences
of such an investigation are many fold in that a
knowledge of their electronic structure leads to a
better understanding of the electrical, magnetic, and
mechanical properties for metallic glasses in general.
These systems were selected because they are easily
prepared in the glassy state with considerable varia-
tion in the metalloid concentration as well as the rela-
tive transition-metal composition. In addition, the
metalloid "P and transition metal ' 'Pt are excellent
candidates for NMR.

The Ni-Pd-P and Ni-Pt-P systems have been stu-
died by x-ray diffraction, ' resulting in a knowledge
of their radial distribution functions (RDF). Also,
measurements of the electrical resistivity, thermo-
po~er, glass transition temperature, ' and crystalliza-
tion temperature have been carried out. In an ear-
lier work, ' we reported NMR results in which mea-
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surements of the "P Knight shift and linewidth were
obtained through steady-state techniques. These
results provided a qualitative description of the elec-
tronic and glassy atomic structure. By incorporating
the earlier steady-state NMR work with the pulsed
NMR and magnetic susceptibility results reported
here, we obtain a clearer picture of the nature of the
electronic structure in metallic glasses, along with
quantitative estimates for the s- and d-band densities
of states and hyperfine coupling constants.

In any discussion of the electronic structure for
T~oo „M„metallic glasses, a knowledge of the atomic
structure is of prime importance. Several models
have been proposed. One of the most widely used
models for the structure of metallic glass systems in
which the constituent transition metal and metalloid
atoms have similar atomic size is that suggested by
Polk. In this model, a hard-sphere dense random
packing (DRP) structure is postulated for the
transition-metal atoms which is similar to that pro-
posed for liquid metals by Bernal. ' The metalloid
atoms occupy the larger (interstitial) holes inherent
in such a structure and, hence, are always surround-
ed by transition-metal atoms as first nearest neigh-
bors. This simple model has several attractive
features and is in both qualitative and quantitative
agreement with many experiments. Early calculations
of the RDF from such a model were in very good
agreement with those obtained by x-ray-diffraction
measurements. (Also, we note that if the atomic
sizes of the constituents are taken into account, the
RDF for all the T~oo „M„metallic glasses are essen-
tially alike, implying a great deal of similarity in their
glassy atomic structures. ) Recently, however, more
detailed structural studies have resulted in some criti-
cism of this model. As pointed out by Nagel, " there
is an apparent discrepancy concerning the coordina-
tion number of the metalloid atoms which can only
be resolved by assuming some distortion in the Ber-
nal structure as well as having one type of hole
predominate. Even with its flaws, the DRP model
does serve as a reasonable first approximation in

describing the structure of these materials. The main
competitor to the DRP model is the microcrystalline
model. '~ In this model, the metallic glass is treated
as a polycrystalline material with vanishingly small
grain size. Due to line broadening effects, x-ray-
diffraction techniques cannot totally eliminate the
possibility of crystallites with dimensions 15 A.

Three general descriptions for the nature of the
electronic structure in metallic glasses have been
presented, with the particular goal of explaining
bonding, structural stability, and glass-forming ten-
dency. The first is based on the dense. random pack-
ing structure described above. In the DRP model,
Polk suggests that a transfer of charge from the
metalloids to the d states of the transition-metal
atoms takes place which results in a form of ionic-

like bonding that stabilizes the structure. This model
has had some success, particularly in predicting the
range of metalloid composition. However, Chen"
has raised objections to such an explanation because
of his studies concerning the stability, radial distribu-
tion function, and atomic size characteristics of
several metallic glass systems. He suggests that there
is strong chemical (or covalent) bonding between the
metalloid and transition-metal atoms; and, that
short-range order persists in the liquid state near the
glass-forming composition. From this point of view,
we might expect the atomic structure to have a
short-range order similar to the crystalline state, but
no long-range order. X-ray and ultraviolet photoem-
ission measurements of the core levels and valence
bands of crystalline Pd, and of both crystalline and
glassy Pd77$Cu6oSi~65, have been carried out by Nagel
et al. ' Their results gave no evidence of any signifi-
cant chemical bonding contribution to the glass-
forming tendency or stability against crystallization
for this alloy. However, they do concede the possi-
bility of bonding effects which do not appreciably af-
fect the core levels and thus, would have gone un-
detected by the photoemission experiments. A third
model, based on the nearly free-electron approach,
has been proposed by Nagel and Tauc. " They sug-
gest that the alloy is most stable when the composi-
tion is such that the Fermi level lies at a minimum in
the density of electronic states. This nearly free-
electron model, which employs many of the concepts
from Ziman's' theory of liquid metals, gains support
from measurements of the electrical resistivity and
glass transition temperature, and also predicts the
correct composition range. Of critical importance in
this model is the relationship between 2k~ and k~,
where kF is the Fermi wave vector and k~ is the
value of the wave vector corresponding to the first
peak in the structure factor a (k). Typically, 2kF = k~
when the average electron to atom ratio is 1.7, and it
is under this condition that the Fermi energy lies at
the minimum in the density of states. Also, the
larger a {k~},the deeper will be the minimum and,
hence, the more stable will be the alloy. Since metal-
lic glasses are generally transition-metal based alloys,
the application of liquid metal theories such as
Ziman's pseudopotential approach is open to ques-
tion. %'e note, however, that Evans et a/. ' have ex-
tended the liquid theory to include transition-metal
alloys by replacing the pseudopotential of the Ziman
nearly free-electron approach with the t matrix of a
muffin-tin potential. Finally, the general question
concerning the application of certain rigid-band ideas
to metallic glasses has recently been discussed by
Cote." He suggests that a "sinking-band" model
(similar to that proposed by Beebe' for crystalline
transition-metal based alloys) is a far better descrip-
tion of metallic glasses than the usual rigid-band
model.
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Il. EXPERIMENTAL APPARATUS AND PROCEDURE

A. Sample preparation

In this work, pulsed NMR and magnetic suscepti-
bility experiments were carried out on the following
metallic glass systems: (Nip 5pPdp Sp) tpp P (w'here x
-16, 16.6, 17, 20, 23, 25, and 26.5), (NI~Pd~ «)ppP, »
(where y =0.20, 0.30, 0.40, 0.50, 0.60, 0.70, and
0.80) and (NiyPtt —y)&5P&5 (where y -0.20, 0.30, 0.40,
0.50, 0.60, 0.64, and 0.68). All of the alloys were
prepared by a rapid quenching process (piston and
anvil technique) described in detail else~here. ' The
foils which resulted from the process were about 50
p, m thick and 2.5 cm in diameter, and were checked
by x-ray diffraction to verify their glassy structure.
In order to obtain a good filling factor for the NMR
experiments, the foils were cut and stacked with al-
ternate layers of 12-p,m Mylar,
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B. Nuclear magnetic resonance

The variable-frequency pulsed NMR apparatus and
single-coil arrangement are similar to those described
else~here. " A conventional double Dewar system
enabled operation at liquid helium and nitrogen tem-
peratures. Measurements of the nuclear spin-lattice
relaxation rate, I/Tt, were made by employing a

—,~ ——,~ pulse sequence, awhile Knight-shift, K, mea-
t t

surements were obtained by using a single —,~ pulse
and sweeping the magnetic field through the reso-
nance with a conventional "boxcar" to obtain the ab-
sorption signal by integrating the free-induction de-
cay. ' The magnetic field sweep was calibrated with a
marginal oscillator which monitored the ~D resonance
(y -0.653566 kHz/Oe). For calculating the 'P and

Pt Knight shifts, values of y 1.7236p kHz/Oe and
0.9153p kHz/Oe were used for the "P and ' Pt salt
references, respectively. "

C. Magnetic susceptibility

All measurements of the magnetic susceptibility
were carried out on a P.A.R. model 155 vibrating
sample magnetometer (Foner method~ ). Tempera-
tures ranging continuously from 3 K to room tem-
perature were obtainable with the Janis model 153
"Super Varitemp" Dewar accessory, while magnetic
fields up to 20 kOe were also available. The magne-
tometer was calibrated against the known saturation
magnetization for Ni (room-temperature value of
55.01 emu/g) ~ The low-temperature calibration was
based on the ideal Curie-%'eiss behavior of the
paramagnetic salt Gd~(SO4)3. 8H~O. For all of the
samples, plots of the bulk magnetization (per mole)
versus field yielded straight lines that passed through
the origin indicating no significant ferromagnetic con-
tamination. Values of the magnetic susceptibility at
'77 K and room temperature were calculated from the
corresponding slopes.

FlG. 1. Room-temperature 'P nuclear spin-lattice relaxa-
tion rate vs P concentration for the (Nip. spPdp. sp)happ-xPx
system: solid circles. The two open circles with bracket
represent the range of values f'or (NiyPdt y)spPpp, while the
two open triangles with bracket represent the range ot
values f'or (NiyPtt y)75P)5 1/Tt f'or 'P depends only on
the metalloid concentration and not on the relative
transition-metal composition for these systems.
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FIG. 2. Room-temperature 'P nuclear spin-lattice relaxa-
tion rate vs Ni concentration: open circles —(NiyPdt y)sp Pgp',

open triangles —(NiyPtt y)&5P&5. I/Tt f'or 'P is independent
of the relative transition-metal composition t'or these
systems.

III ~ EXPERIMENTAL RESULTS

A. P NMR spin-lattice relaxation rate

Figure 1 shows the observed room temperature "P
nuclear spin-lattice relaxation rate (in sec ), 1/T~t, as
a function of P concentration, x, for the
(Nip 5p Pdp Sp) ]pp „P„system (solid circles). Data are
shown for a resonance frequency, v, of 12 MHz. It
can be seen that the relaxation rate decreases signifi-
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I IG. 4. Room-temperature 'P Knight shift vs Nj concen-
tration: open circles - (NiyPdt y)ttpP2p Ref. 8; open trian-

gles - (Niy ] y)75P25, Ref'. 8. K for 'P is independent of
the relative transition-metal composition tor these systems.

FIG. 3. Room-temperature 'P Knight shift vs P concen-
tration for the (Nip 5pPdp 5p) tpp P„system: solid circles-
Ref. 8; crosses - this work. The two open circles with brack-
et represent the range of values for (NiyPdt y)spP:p, Ref. 8,
while the open triangles with bracket represent the range of
values for (NiyPtt y)75P25 Ref'. 8. K for 'P depends only

on the metalloid concentration and not on the relative
transition-metal composition for these systems.

cantly as the P concentration increases from x =16 to
26.5. Figure 2 shows the observed "P relaxation rate
at room temperature and 12 MHz as a function of Ni

concentration, y, for both (NiyPdi y)gpP2p and

(NiyPt) —y)75P25 (open circles and open triangles,
respectively). In contrast to the behavior for
(Nip5pPdpsp)rpp „P„,both (Ni«Pdl «)spPtp and
(NiyPt I —y )75P25 have a relaxation rate which remains
unchanged within the error over the entire range of
Ni concentration (y.=0.20 to 0.80 in the former and

y =0.20 to 0.68 in the latter. ) This behavior might
be expected as a change in the P concentration would
vary the average number of electrons per atom, awhile

a change in Ni relative to Pd or Ni relative to Pt
would not. It is also important to note that the relax-
ation rate valt&e characteristic of all the
(NiyPdt y)spP2p alloys is the same as that for
(Nip 5p Pdp 5p) happ „P„with x = 20. Similarly, the value
characteristic of all the (Ni«Ptr „)7sP2s alloys falls
quite close to that for (Nip5pPdp5p) &pp P with

x =25. We have illustrated this point in Fig. 1. The
two open circles with bracket at x = 20 indicate the
range of values obtained for (Ni«Pdr «)spPpp, while
the open triangles and bracket at x =25 do likewise
for (Ni«Ptl «)q5Pt5. Furthermore, this is exactly the
same behavior as that observed for the "P Knight
shift in our earlier work. For these same three sys-
tems, Figs. 3 and 4 show the dependence of the room-
temperature "P Knight shift (in %), K, as a function
of the P concentration, x, and Ni concentration, y,
respectively. [The circles and triangles, both open
and closed, are data replotted from the earlier work.
However, the Knight-shift values have been correct-
ed by using a later and more accurate value for the
"P salt reference. y =1.7236p kHzlOe was used in
this work instead of the original value of y =1.7241~
kHz/Oe. The Knight-shift measurements in the ear-
lier work were carried out by utilizing a steady-state
technique with the Varian wide-line VF-16 cross-coil
spectrometer. For comparison, we remeasured the
'P Knight shift for three of the (Nip 5pPdp5p) tpp P„

alloys (x =16, 20, and 26.5) by using the integration
of a single pulse free-induction decay as described
above. As indicated by the crosses in Fig. 3, the two
sets of results are in agreement. ] As discussed in de-
tail in Sec. IV, the entire relaxation rate and Knight-
shift behavior is consistent with a rigid-band type of
behavior and indicates a degree of similarity in the

TABLE I. 'P NMR Knight shift and spin-lattice relaxation rate t'or (Nip5pPdp5p)tpp «Pz at 4 2 77 and 295 K.

T =4.2 (K)
K (%) I/Tt (sec ')

T=77 (K)
K (%) I/Tt (sec ')

T =295 (K)
K (%) I/Tt (sec ')

16.0
20.0
26.5

0.257 + 0.005
0.209 + 0.005
0.158 + 0.005

6.58 + 5%
4.57+ 5%
3.12 + 5%

0.247 + 0.005
0.201 + 0.005
0.151 + 0.005

106 +
76.9 + 5%
50.0+ 5%

0.257 + 0.005
0.207 + 0.005
0.158 + 0.005

446+ 5%
337+ 5%
230+ 5%
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FIG. 6. Corrected room-temperature magnetic suscepti-
bility vs P concentration for the (Nip5pPdp5p)&pp P& sys-
tem. Like I/T& and K, X —X«re depends on the metalloid
concentration.

FIG. 5. Experimental Korringa constant vs temperature
for the {Nip 5pPdp 5p) tpp „P„system. The Korringa constant
for completely free s electrons interacting with 'P nuclei is
1.60 & 10~ sec K. The experimental values are indeed con-
stant with temperature but decrease with metalloid concen-
tration.

electronic structure for all three systems.
For three compositions of the (NioMPd050) t'&-, P„

system, x =16, 20, and 26.5, additional pulsed NMR
measurements of the "P relaxation rate and Knight
shift were carried out at 77 and 4.2 K. These results,
along with the room-temperature values, are summa-
rized in Table I. Figure 5 shows a plot of the experi-
mental Korringa constant (in sec K), Tt TK2, versus
the temperature (in K), T, for the three alloys. It
can be seen that Tt TK' is essentially independent of
temperature within the error for all three composi-
tions. The values of the experimental Korringa con-
stants are 4.35, 3.94, and 3.36 x 10 sec K for
x =16, 20, and 26.5, respectively. The Korringa con-
stant for completely free s electrons interacting with
the "P nuclei is 1.60 x 10~ sec K. In other words,
estimates of Tt using the measured Knight shifts and
Korringa's'4 (free s electron) relation are shorter than
the experimental ones. These results will be dis-
cussed later in Sec. IV in terms of the electronic char-
acter at the Fermi surface, and electron-electron in-
teractions.

B. Magnetic susceptibility

Figure 6 shows the measured magnetic susceptibility
at room temperature (in emu/mole), X —X„„,as a func-
tion of P concentration x, for the (Nip5pPdp5p) tpp-„P

system (solid circles). The measured susceptibility
values have been corrected for the diamag-
netism of the cores. The core contribution for
Ni, Pd, and Pt can be estimated from the measured
susceptibilities for Cu, Ag, and Au, respectively, by
subtracting a free-electron estimate for the
conduction-electron spin paramagnetism. In each
case, the noble metal will have a core very similar to
the adjacent transition metal; the one additional elec-
tron, however, fills the d band and suppresses the
corresponding contribution. The core contributions
can also be estimated from the measured diamagnetic
susceptibilities of Ni'+, Pd'+, and Pt'+. 6 Both
methods yield essentially the same results. The core
contribution for P is very small and can be estimated

I i,2—
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-(Ni Ptt „)ysP~

x 0.8—

I

au 04-

0 0.2 OA

I
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FIG. I. Corrected room-temperature magnetic suscepti-
bility vs Ni concentration: oPen circles - (NiyPdt y)spPd2p,
open triangles - (NiyPt] y)75P25. Unlike I/Tt and K,
X Xgpre depends on the relative transition-metal composi-
tions.
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TABLE II. Magnetic susceptibility, corrected for core
diamagnetism, for (NiyPtt y)75P25 at 77 and 295 K.

TABLE III. Pt NMR Knight shift in (NiyPtt y)75P25 at

77 and 295 K.

x(77 K) —x,.„
(10 em u/mole)

x(295 K) —X, „,
(10 em u/mole)

a (77 K)
(%)

K (295 K)
(%)

0.20
0.30
0.40
0.50
0.60
0.64
0.68

0,35 + 0.02
0.37 + 0.02
0.52 + 0.02
0.52 + 0.02
0.57 + 0.02
0.56 +0.02
0.56 + 0.02

0.31 + 0.02
0.34 + 0.02
0.38+0.02
0.42 +0.02
0.46 + 0.02
0.46 + 0.02
0.49 + 0.02

0.20
0.30
0.40
0.50
0.60
0.64
0.68

—0.07 + 0.03

—0.20+ 0.03

—0.34 + 0.03

+ 0.02 + 0.03
—0.06 + 0.03
—0.06 + 0.03
—0.11 + 0.03
—0.23 + 0.03
-0.28 + 0.03
—0.27 + 0.03

from the measured diamagnetic susceptibility of P'+.
It can be seen from Fig. 6 that X —X„„decreases
with increasing P concentration as is the case for both
the 'P relaxation rate and Knight shift. However, in

contrast to the relaxation rate and Knight-shift
behavior, X —X„„decreases quite sharply until

x =20 and then tails off. This change is interpreted
in a rigid-band picture and associated with a change
in the density of states at the Fermi energy (see Sec.
IV).

Figure 7 shows the measured magnetic susceptibili-
ty at room temperature (in emu/mole), X —X„„,as a

function of the Ni concentration, y, for both the
(Ni«Pdt —«)ppPtp and (Ni«Ptt «)75P$5 systems (oPen
circles and open triangles, respectively). In contrast
to the 'P relaxation rate and Knight-shift behavior,
X —X„„increases significantly as the Ni concentra-
tion is increased relative to Pd or Pt. Additional
measurements were made of X —X„„at77 K for the
(Ni«Ptt «)75P75 system. These results, along with the
room-temperature values, are listed in Table II. We
note a small but consistent increase in X —X„„asthe
temperature is decreased from room temperature to
77 K. This temperature dependence will be discussed
again when we consider the ' 'Pt Knight-shift results
(see Secs. III C and IV).

C. '~5pt NMR Knight shift and spin-lattice relaxation rate

Measurements of the ' Pt Knight shift were made
for all seven compositions of (NiyPtt y) 75Ppg at room
temperature and three compositions (y =0.20, 0.50,
and 0.68) at 77 K. The results, obtained at 12 MHz,
are listed in Table III. [In our earlier work, a prelim-
inary value of —0.10% +0.05% was reported for the
room-temperature ' 'Pt Knight shift in (Nip2pPtpsp)75P25,
the most Pt-rich composition. s However, problems
with filling factor prevented any systematic study of
the Pt NMR using the steady-state spectrometer. ]
We note that the ' Pt Knight shift does depend on
the Ni concentration, y, in these systems and

demonstrates a systematic decrease as the tern-

perature is decreased from room temperature to 77
K. In Sec. IV, these dependences (composition and
temperature) will be utilized with corresponding
dependences in the magnetic susceptibility in order to
quantitatively separate the contributions to the ' 'Pt
Knight shift. We do note, however, that the values
for the ' Pt Knight shift in (Ni«Pt~ «)75P75 are small
in comparison to the value of —3.5% for ' 'Pt in pure
crystalline Pt." The large negative Knight shift for
' 'Pt in Pt metal has been attributed to a dominant
core-polarization contribution. The resulting posi-
tive increase in the Knight shift for ' 'Pt in the me-

tallic glasses provides strong evidence that the
transition-metal d states are being filled which is con-
sistent with a charge transfer from the metalloid to
transition-metal atoms. A preliminary measurement
of the '~'Pt spin-lattice relaxation time, Tt, for the
(Nip 2pPtppp) 75 PQ5 comPosition yielded a room-
temperature value of approximately 0.5 msec.

IV. ANALYSIS AND DISCUSSION

In order to understand the observed NMR and
magnetic susceptibility behavior, we will employ the
customary rigid two-band model. ' It is assumed
that there are two overlapping partially-filled bands, a
narrow one associated with the d electrons (localized
near the transition-metal sites) and a broad one asso-
ciated with s and perhaps p electrons (nonlocalized
conduction electrons). In general, for transition met-
als and transition-metal alloys, the NMR Knight shift
can be expressed in terms of three contributions

K =K, +Kg+Kp

K, is the "direct contact shift" resulting from a polari-
zation of the conduction s electrons by the external
magnetic field which is communicated to the nuclei
via a contact hyperfine interaction. Kp is the "orbital
(or Van Vleck) shift" resulting from a second-order
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perturbation effect of the magnetic field whereby

higher unoccupied states possessing orbital magnetic
moments are mixed into the occupied states giving
rise to a temperature-independent contribution. The
interpretation of Kq depends on whether we are con-
sidering the transition-metal or nontransition-metal
constituent in the alloy. For the transition-metal
constituent, K~ represents the "core-polarization
shift" arising from a polarization of the d electrons by

the external magnetic field which is communicated to
the transition-metal nuclei via an exchange interac-
tion that perturbs the inner closed-shell s electrons,
along with a contact hyperfine interaction. For the
nontransition-metal constituent, Kd represents the
"d-polarization shift" resulting from a polarization of
the transition-metal d electrons by the magnetic field
which is communicated to the nontransition-metal
nuclei via an s-d exchange interaction that polarizes
the conduction s electrons, along with the contact hy-

perfine interaction. For a transition metal or
transition-metal alloy, the magnetic susceptibility can
be expressed in terms of its contributions

X=Xg+Xg+XL +XLPft +Xo (2)

where X, and Xq are the paramagnetic spin suscepti-
bilities of the s and d bands, respectively, Xo is the or-
bital paramagnetic susceptibility, X„„is the diamag-

[
netic susceptibility of the cores and XL = —( —, )
x (m/m')'X, is the Landau diamagnetism. From the
discussion above, the three terms in the Knight shift
can be related to corresponding terms in the suscepti-
bility and, hence, density of states by

K =o.,X, +o,qXq+noXO

K = n, p, gN, (Ep) +egg pe(Ep-) +apXO

(3}

where we have used the Pauli expression for the spin
susceptibilities. n„nq, and ao are the respective
electron-nucleus coupling coefficients for the various
contributions (they are, of course, different for "P
and ' 'Pt); N, (EF) and Nq(EF) are the respective
densities of states at the Fermi energy for the s and d
bands, and p.a is the Bohr magneton. Similarly, the
nuclear spin-lattice relaxation rate for transition-metal
alloys can be expressed in terms of such contribu-
tions

1/T( = (1/T)), + (1/T))g+ (1/T)) p

The electron-nucleus coupling coefficients are now

P„Pq, and Po, and T is the temperature. For each
band separately, the spin contributions to the Knight

where the contributions are related to the respective
densities of states by

1/Ti =P, [/V, (EF) ]'+pa[/Vg(EF) ] + pp[/Vy(EF) ]

(5)

shift and relaxation rate can be related by a Korringa
relation (i.e., 1/T~ T a Kt). This is not the case for
the orbital contribution as the orbital relaxation rate
depends directly on /Vq(E+), where the orbital shift
does not. In general, the orbital contributions are
important in situations where there exists narrow,
partially filled, non-s bands (i.e., the d band in transi-
tion metals and their alloys). However, the contribu-
tion does become small when the band is nearly filled
(or nearly empty). Such is the case for the Ni-Pd-P
and ¹iPt-P systems and, hence, we will neglect
Kp, (1/Tt )p, and Xp.

In Sec. III, we noted that the 'P relaxation rate
and Knight shift for the three systems depended only
on the P concentration, x, and not on the Ni concen-
tration, y, nor whether the second transition metal was
Pd or Pt. On the other hand, the magnetic suscepti-
bility, X —X„„,does depend on the relative
transition-metal composition as well as the metalloid
concentration. Furthermore, as the P concentration
increases from 16 to 26.5, X —X„„,decreases sharply

by a factor of 6.3 (with a pronounced kink at
x =20},while the relaxation rate and Knight shift
decrease by factors of 1.9 and 1.6, respectively. We
attribute the sharp initial decrease in X —X„„to a fil-

ling of the d band and, hence, a decrease in Nq(Eq)
as the P concentration increases. This conclusion is
further supported by the ' 'Pt Knight-shift results.
The d band for Ni-Pd-P becomes essentially full at
x = 20. It is interesting to note that if all of the P
valence electrons are transferred into the d band, the
rigid model predicts that the d band will be filled at a
P concentration of 11%. Our results imply that
slightly more than half of the P electrons go into the
conduction band, Such a conclusion is consistent
with the magnetization and Mossbauer studies on
some T~oo „M„metallic glasses, where Trepresents a
transition-metal combination of Fe and Ni, and M
represents a metalloid combination of B, C, and P."
The behavior of the saturation magnetic moment and
isomer shift indicate that metalloids with more sp
electrons (e.g. , P) donate more electrons to the
transition-metal d band. In particular the results sug-
gest that P donates 2.4 electrons per atom to the
common d band of T." In view of the susceptibility
behavior, the very systematic behaviors of the 'P re-
laxation rate and Knight shift indicate that the d
terms in both are relatively small compared to the s
terms. This is a consequence of the "P electron-
nucleus coupling coefficients crt and Pq being small.
We then have

K a, iV, (Ep), 1/Tt =Pg[W, (EF)]

[Also, the existence of a Korringa relationship
between the relaxation rate and Knight shift for 'P
in (Nip 5pPdp. sp) ]pp—P, implies that only one term is
important. ] Hence, the systematic behavior of the 3'P

Knight shift and relaxation rate indicate a similarity
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in the electronic structure for these systems, in par-
ticular the s band and N, (EF). The observed reduc-
tion in K and I/T) with increasing P concentration
can arise from either a reduction in N, (EF) as EF in-

creases or a reduction in the amount of s character as
reflected in a, and P, . In view of the discussion
above, the experimental values of Tt TK' reported
for the "P resonance in Sec. III are a measure of
a,'/P, . Also, as indicated earlier, estimates of T) us-

ing the measured Knight shifts and Korringa's' rela-
tion are shorter than the experimental ones. The
discrepancy cannot be due to relaxation processes
other than the direct contact interaction since this
would cause experimental Tt's to be shorter than the
Korringa values. Such discrepancies are usually attri-
buted to exchange and correlation effects which are
neglected in the free-electron estimate. " In their
NMR work on electroplated and chemically deposited
Nitoo „P„metallic glasses (15 ~ x ~25), Bennett
et a/. "report a Korringa constant for 'P which is
three times the value for pure s electrons. They attri-
bute this to an appreciable exchange enhancement for
these materials, indicating substantial d character at
the Fermi surface. Furthermore, the Nitop „P„alloys
prepared by the two techniques gave different Knight
shifts, suggesting (glassy) local structures with dif-

ferent electronic structures. In contrast to our rapidly

quenched Ni-Pd-P and Ni-Pt-P systems, Bennett
et a/. ' found that both electroplated and chemically
deposited Nitoo „P„alloys had a 'P Knight shift
which was essentially independent of composition for
x «19,

Unlike the 'P Knight shift, the ' Pt Knight shift
for the (NiyPtt —y) 75P25 system does depend on the Ni
concentration, y. This dependence is utilized to
separate the ' 'Pt Knight shift into its s and d contri-
butions; both are now significant. The procedure is
similar to that employed by Clogston et a/. for crys-
talline Pt and Pd. The composition dependences of
the ' Pt Knight shift K(y) and magnetic susceptibili-
ty X( y) —X„„,(y) enter through the d term. If we
eliminate Xq(y) between the Knight shift Eq. (I) and
susceptibility Eq. (2), and use XL = —( 3 ) (m/m')'
&& X„we obtain

K(y) =a~[X(y) —X„„(y)]
+'l(~, —~d) +( —, )(~/~'}'~~]X, . (7)

A plot of K ( y) versus X( y) —X„„(y}, using the Ni
concentration y as an implicit parameter, yields a

straight line whose slope is the electron-nucleus coef-
ficient, or hyperfine coupling constant, aq, for ' Pt.
This is shown in Fig. 8, where we find a value of
aq = —0.16 && 10' mole/emu [or a hyperfine field per
)aa of d spin, Hhy(d), equal to —910 kOel pa I The.
corresponding value for ' Pt in pure crystalline Pt is
—1200 kOe/p, g." Furthermore, we note that any
temperature dependence for the ' 'Pt Knight shift

0.80

oso- K(yl = a~[X(yl-X„„(y)]+[(a,-ay)+
& (~~)ad]X;e

0.40

0.20

0

-0.20-

-0.40-
y I-y l75P25

v, e 12MHz

T= 295 K

would enter principally through the d term. Again,
we can write

K(T) = [X(T) —X,„„]
+ [(n, —u, ) + ( ,

'
) (m/m")'—u, ] X,

and plot the Knight shift versus a magnetic suscepti-
bility using temperature as the implicit parameter.
The observed temperature dependences for the '"Pt
Knight shift (Table III) and magnetic susceptibility
(Table II} yield values of nq which are consistent
with the result reported above. Estimates for a, (for

Pt), N, (EF), and Nd(EF) are obtained by using the
Pauli form for the spin paramagnetism
[X=p gN(EF)] and treating the conduction (s and p)
electrons as free with an effective mass nt' = n~ the
electron mass; i.e. , in emu/mole,

(8)

X =1,86 x 10 ( M/)p' (yn )'y'

In the above form, M is the atomic mass, p is the
density, and n, is the number of conduction electrons
per atom. For (NipgpPtpgp)75P2y, (M/p) =8.73
cm'/mole. By taking n, = 1.3 conduction electrons
per atom, we obtain X, =8.6 & 10 emu/mole and
N, (EF) =1.2 x 10 / erg cm . The estimate for n,
comes from the electrical resistivity and x-ray diffrac-
tion work of Sinha. Substituting the above value for
X, into the expression for the y intercept from Fig, 8
[Eq. (7)], along with m'= m and ad = —1.6 x 10
mole/emu, we obtain a, =+0.50 X1Q mole/emu.
This is equivalent to a hyperfine field per p, ~ of s

spin, Hhf(s), equal to +5200 kOe/p. ~. The corre-
sponding value for ' Pt in pure crystalline Pt metal is
+ 12 QQQ kOe/p, q. ' Subtracting

3 X, from X Xqore

gives Xd = 36 x 10 emu/mole (Xo being neglected).
Assuming the Pauli expression for Xd yields
Nd(EF) =4.8 x 10' / erg cm'.

(9)

-0.60 I I I I I

0 0.2 0.4 0.6
MAGNETIC SUSCEPTIBILITY X-X (IO emu/formula unit)

FIG. 8. Room-temperature ' Pt Knight shit't vs magnetic
susceptibility for the (NiyPtt y)75P25 system. The straight
line is the best fit to the data and enables a decomposition
of K and X —X,„„,into their s- and f/-band contributions.
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V. CONCLUSIONS

From the NMR and magnetic susceptibility work,
we can draw the following conclusions about the Ni-
Pd-P and Ni-Pt-P systems in particular, with implica-
tions for the T]00 M„metallic glasses in general.
(1) The "P Knight shift and relaxation rate for both
systems depend only on the P concentration, x, and
not the Ni concentration, y, nor whether the second
transition metal is Pd or Pt. {2)The 3'P Knight shift
and relaxation rate for both systems are attributed
solely to the direct contact hyperfine interaction, with

the d-polarization contribution [i.e. , aq("P) and
Pq(3tP)] being negligible. (3) The results can be
described by a rigid two-band model; a narrow one
associated with the d electrons (localized at the
transition-metal sites) and an overlapping broad band
associated with the s and perhaps p electrons. (4)
The two systems have a similar electronic structure,
in particular the s band and N, (E). The magnetic
susceptibility provides a "mapping" of the total densi-
ty of states. (5) Consistent with the DRP model,
there is evidence of a transfer of charge from the P
metalloid atoms to the transition-metal d states in

both Ni-Pd-P and ¹iPt-P. For Ni-Pd-P, these states
become full for x = 20. Since the rigid-band model
predicts that if all of the P electrons go into the d
states, the filling would be complete for x =11,we
conclude that slightly more than half of the P elec-
trons go into the conduction band. (6) There is no
evidence of any minimum in the density of states as
predicted by the Nagel and Tauc theory. " (7) The
various 'P Knight-shift and relaxation rate values
satisfy Korringa relationships, with the value of

T] TK' decreasing as the P concentration increases.
The values of T] TK2 range from two to three times
the free-electron value. (8) The ' 'Pt Knight shift in
Ni-Pt-P has contributions from both the direct con-
tact hyperfine interaction and core polarization (the
orbital contribution being negligible). Plots of the
' 'Pt Knight shift versus magnetic susceptibility, us-

ing both the composition and temperature as implicit
parameters, yield values for the electron-nucleus hy-
perfine coupling constants of a, ('9'Pt) =+0.50 x 10'
mole/emu (+5200 kOe per p, ~ of s spin) and
a~('~5Pt)- —0.16 x 10' mole/emu (—910 kOe per pa
of d spin). [By assuming the Pauli form for both the
s- and d-band paramagnetic susceptibilities and treat-
ing the s-band conduction electrons as free, one ob-
tains estimates for N, (E~) and Ã~(Et.-) from the sus-
ceptibility measurements. ]
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