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Amorphous Zr-rich alloys of the type Zr,T;_, with T=Cu, Ni, Pd, Pt, Co, and Rh were
prepared by melt spinning. The thermal stability was studied by means of differential scanning
calorimetry. The crystallization temperatures and the corresponding activation energies for crystall-
ization were determined. The electronic properties of these alloys were investigated by means of
susceptibility measurements and EPR measurements on Gd-doped samples. In combination with
results on NMR measurements reported earlier, the present results made it possible to determine a
value for the Jy; exchange constant (J5;=0.1 eV) together with values of the density of states
N (Ep). In all alloys investigated N (Er) was found to be mainly due to the Zr d electrons, the vari-

ous values lying within a few percent from the values N (Er)=0.88 (eV atom spin)~".

I. INTRODUCTION

In a previous study we have used NMR together with
magnetic measurements to investigate the electronic prop-
erties of amorphous alloys of the type Zr,Cu;_,.! We
have now supplemented these results with EPR measure-
ments on similar alloys doped with small amounts of Gd.
We also extended our investigation to other types of
Zr, T,_, alloys where T represents Ni, Pd, Pt, Co, or Rh.
What all these alloys have in common is that they show
Pauli paramagnetism. They can be prepared straightfor-
wardly by means of melt spinning, which has the advan-
tage that the doping with Gd can be carried out to ex-
tremely low Gd concentrations and that the dope concen-
tration is known to be within the same accuracy as in
crystalline materials. This paper is organized as follows:
The next section (Sec. II) deals with the preparation of the
amorphous alloys, together with their characterization by
means of x-ray diffraction and calorimetric measure-
ments. Results of EPR measurements and magnetic mea-
surements are described in Sec. III, and in Sec. IV these
results are discussed together with results of the NMR in-
vestigation and results obtained for some of the alloys by
means of specific-heat measurements.>*> In this section
and also in Sec. V it will be evaluated how far the results
obtained in the course of this investigation can enrich the
results obtained elsewhere by means of photoemission
studies and by means of band-structure calculations.

II. PREPARATION AND CHARACTERIZATION
OF THE SAMPLES

The amorphous alloys investigated in this study were
prepared in the form of small (2-mm) and thin (~30-um)
ribbons by means of melt spinning in an atmosphere of
purified argon gas. For the melt spinning we used alloys
of the desired composition which had previously been
prepared by arc melting with starting materials of 99.99%
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purity for Ni, Co, Pt, Rh, Pd, Cu, and of 99.9% purity for
Zr. All melt-spun alloys were examined by means of x-
ray diffraction. Most alloys were found to give rise to x-
ray diagrams composed of diffuse halos, characteristic of
the amorphous state. Samples having sharp diffraction
peaks superimposed on the diffuse halos were rejected
from further physical examination.

The thermal stability of the alloys was investigated by
means of differential scanning calorimetry (DSC), using
again an atmosphere of purified argon. Upon heating the
samples in the DSC unit a strong exothermic heat effect
was observed, marking the transition from the amorphous
to the crystalline state. The crystallization temperatures
(T,) corresponding to the temperatures of the exothermic
DSC peaks measured with a heating rate s =50 K/min
are listed for various alloys in Table I. The crystallization
temperatures were found to vary appreciably with the
heating rate, higher rates corresponding to higher T,
values. The dependence of T, on s can be used to obtain

TABLE I. Crystallization temperatures (7,) obtained by
means of DSC with a heating rate of 50 K/min. The activation
energies of AE were obtained from the slopes of the straight
lines when In(sT; ") is plotted versus 7, '; s is the heating rate.

Alloy T, (K) AE (eV)
ZI'(). 72CU0,23 666 2.70
Zry.67Ni,33 702
ZI‘O‘ 67Pdo_ 33 782 4.94
Zro.75Pto 22 810
Zl'()‘77Pt0.23 824 4.66
Zl‘o' 67C00.33 722 4.87
ZI'(). 80Rh0. 20 712 3.64
Zl'0~75Rh0_ 25 741 421
Zr0.74Rho. 26 748 4.12
Zr0.70Rh0. 30 758 4.73
Zr0.66Rh0. 34 742 3.96
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FIG. 1. Phase diagram of the Zr-Rh system and concentra-
tion dependence of the crystallization temperature (T ) and ac-
tivation energy for crystallization (AE ).

values of the activation energy for crystallization (AE).
Following the Kissinger and Boswell method we plotted
In(sT;!) vs T, 1.*° Straight lines were obtained from the
slope of which values of AE were derived.

These values are included in Table I. The concentration
dependence of T, and AE for the Zr,Rh,_, alloys is
displayed in the top part of Fig. 1. This concentration
dependence can be compared with features of the Zr-Rh
phase diagram® shown in the lower part of Fig. 1. It can
be seen that the range of easy-glass formation is located
close to the deep eutectic, as is commonly observed.”® It

line represents the relation T,=7.5AH;, where AH, is the
hole-formation energy.

is interesting to note that the alloy showing the highest
crystallization temperature and the highest thermal stabil-
ity does not correspond to the eutectic composition but to
a slightly higher Rh concentration. It should also be not-
ed that the activation energies for crystallization are con-
siderably higher than the activation energy (0.86 €V)
found for the relaxation of the amorphous state in
Zry,7sRhg 55 by Drehman and Johnson.” The latter relaxa-
tion involves only subtle atomic rearrangements, whereas
in the amorphous-to-crystalline transformation long-range
diffusion of atoms is required.
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FIG. 3. Temperature dependence of the magnetic susceptibility in various Zr-based amorphous alloys.
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TABLE II. Magnetic susceptibility corrected for diamagnetism (Xexp—Xaia) for various amorphous
alloys. The quantity (X4 + X, )7 represents the surplus susceptibility in Eq. (1) when Cu in Zr,Cu,_, is

replaced by a T metal having an open d band.

Alloy Xexpt—Xdia (107* emu/mol) (Xg+Xw)r(10~* emu/mol)
Zr0.72Cug.28 1.31£0.07
Zr.67Nig 33 1.45+0.06 0.68
Zry 67Pdo 33 1.43+0.05 0.62
Zro 75Pto.22 1.59+0.08 0.78
Zr0.67C00.33 2.28+0.06 3.20
Zro.74R g 5 2.43+0.07 4.16

The values of T, listed in Table I are within 30 K of
those reported by Rapp et al.!® for Zr,T,_, alloys
(T=Co, Ni, Cu) of similar concentration. Taking into
consideration that the heating rate used by Rapp et al. is
slightly lower (40 K/min) and that their Zr concentrations
are slightly higher, the agreement between the two sets of
data is quite satisfactory. Our value T,=782 K for
Zry 6;Pdg 33 deviates somewhat more from their result
T,=720 K for Zrj 1gPdy 3 to be explainable in terms of
the small differences in heating rate and composition.

It has been shown elsewhere that the crystallization
temperatures can be predicted on the basis of a model
where the T, values are expressed by means of the relation
T,=c AH;, where c is a constant between 7 and 8 when
T, is expressed in K and AH, is expressed in kJ/mol.!!
The quantity AH), represents the formation enthalpy of a
hole, the size of the smaller type of atom in the binary
amorphous alloys. It can be calculated straightforward-
ly'! by using values of the monovacancy energies of the
pure metals listed by Miedema.'?> In Fig. 2 experimental
results and model predictions are compared, the dashed

line representing the relation T, =7.5AH,. It can be seen
from the figure that the alloys studied in the course of the
present investigation essentially behave according to the
expectations based on the model.

III. MAGNETIC SUSCEPTIBILITY AND EPR

The magnetic susceptibility (X) of the amorphous
Zr, T _, alloys was measured in the range 4.2—300 K on
a vibrating sample magnetometer. Typical examples of
results of such measurements are shown in Fig. 3. The al-
loys can be characterized as showing temperature-
independent Pauli paramagnetism: The X values after
correction for diamagnetic contributions (Xg,) have been
listed in the second column of Table II. The diamagnetic
contribution Xg, was obtained by using a weighted aver-
age of the diamagnetic contributions of the pure ele-
ments.'”>"* The corrected susceptibility Xexp—Xgia can
then be decomposed into the following contributions:

Xexpt=Xaia=TXsp +% Xg+Xpp)ze+(1—%)Xg + X )7 -
(1)
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FIG. 4. EPR spectrum of amorphous Zr, 33Cug ¢, doped with 0.2% Gd. The solid line represents a fit of Lorentzian shape.
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FIG. 5. Concentration dependence of the g shift in various
amorphous Zr,Cu, _, alloys doped with 0.2% Gd.

In this expression the subscript Zr refers to the contribu-
tion of the Zr atoms while the subscript T refers to the ad-
ditional contribution associated with the presence of the T
atoms. The quantities X ,, X4, and X,, refer to the con-
tributions of s,p electrons, d electrons, and the Van Vleck
term, respectively. (Such a decomposition of the suscepti-
bility into separate d-electron contributions due to Zr and
T atoms is indicated by photoemission results and band-
structure calculations; see below.) In a previous paper we
investigated Zr,Cu;_, alloys.! By combining results of
$Cu(®Cu) and °'Zr NMR with results of susceptibility
measurements we were able to determine the contributions
Xsps (Xa)zs, and (X, )z, separately.

It was derived from our analysis that X, is nearly an
order of magnitude smaller than X; and X,,. The term
X,, was found to vary only slightly with concentration, in
contrast to Xy which increased strongly with x. Since the
contribution (Xg4+X,,)r is absent in Zr,Cu,_, alloys one
may use these results to obtain a rough estimate of the
third term on the right-hand side of Eq. (1) by inserting
the appropriate values of x and (X;+X,,)z found in
Zr, —Cuy_,. The values (X;+X,,)7 obtained in this way
have been listed in the third column of Table II. These
values suggest that the contribution of the T atoms in the
alloys with T=Ni, Pd, and Pt is rather modest, whereas it
is rather strong in the alloy based on Co and Rh.

The EPR measurements were made on a Varian spec-
trometer (E-line, X-band) in the temperature range 4.2—40

TABLE III. Korringa rates d (AH)/dT, residual linewidths
Gd-doped amorphous alloys.
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FIG. 6. Temperature dependence of the EPR line in Gd-
doped amorphous Zr, ¢7Pdy 33.

K using Zr, T_, alloys doped with 0.2% of Gd. For the
various alloy systems Zr, T, _, (T'=Ni, Pd, Pt, Co, or Rh)
in each case only a single alloy was studied, close in com-
position to x=0.7. In order to be able to make contact
with the results obtained previously by means of NMR
and X measurements in the system Zr,Cu,_, we extended
our EPR investigation to four different concentrations for
the Cu-base alloys. A typical EPR spectrum is shown in
Fig. 4. The g values derived from these spectra have been
used in Fig. 5 where the g shift Ag =gy, —1.992 is plot-
ted as a function of Zr concentration. The g values and g
shifts of amorphous Zr, T _, alloys of various different T
components are compared in Table III. Note that the Ag
values. are rather high. They are about an order of magni-
tude higher than those found for Gd impurities in amor-
phous Pd-Si alloys.!” Equally high Ag values were ob-
served, for instance, for Gd impurities in metals such as
La and Sc.'® We also measured the temperature depen-
dence of the linewidth AH. A typical example of such
measurements is shown in Fig. 6. The linewidth is seen to
increase linearly with temperature. From the slope of
these lines we derived the Korringa rate dAH /dT and
from its intercept with the vertical axis we obtained the
residual linewidth AH,. Both quantities have been listed
for the various Zr,T,_, alloys in Table III. For the
Zr,Cu,_, alloys we have plotted the Korringa rate as a
function of concentration in Fig. 7.

(AH,), g values, g shifts (Ag), and Korringa ratios (R) in various

Alloy %ATE(G K1) AH, (G) g Ag R
Zr072Cl0 28 36.2+2.5 610420 2.095+0.014 0.1030.014 0.15
Zro.6Nig 15 39.141.0 610411 2.10620.017 0.114+0.017 0.14
Zro 67Pdo 13 30.142.0 614420 2.104+0.010 0.112+0.010 0.11
Zr076Pto.rs 37.244.0 106070 2.11120.040 0.119+0.040 0.12
Zt0 6:C00 35 30.0+5.0 920480 2.1130.026 0.12120.026 0.09
Zro14Rhg 26 35.4+4.1 69050 2.128+0.020 0.136:+0.020 0.09
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FIG. 7. Concentration dependence of the Korringa rate
d(AH)/dT in various amorphous Zr,Cu;_, alloys doped with
0.2% Gd.

IV. DISCUSSION

The results described in the preceding section can be
used to obtain information on the density of states in these
amorphous alloys. In terms of a two-band model the
quantities Ag and d (AH ) /dT can be given by’

Ag =stNs(EF)+deNd(EF) ’ (2)
wk
ﬂzf’_’z—gﬂ‘i[J}SNSZ(EF)+F,,J},,N3(EF)] NG)

The quantities Jz and Jy; represent the exchange con-
stants of the Gd 4f electrons with conduction electrons of
s and d character, respectively. Both of these constants
are usually of the order of magnitude of 0.1 eV. Here we
note that the constants J appearing in Eq. (2) need not be
the same as those in Eq. (3) owing to a difference in
wave-number dependence.'®

The quantities N(Er) and N4(Efr) are the correspond-
ing densities of states at the Gd sites. The factor F,; ac-
counts for the degeneracy of the d-band states. A value
F;=0.2 is usually considered as appropriate.'®?° Equa-
tions (2) and (3) only hold in cases where bottleneck ef-
fects are absent. This was not checked separately in the
present alloys systems, but in view of the rather low Gd
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concentrations applied (0.2%) and the relatively high Ag
values we assume that such effects are of less importance.
Malozemoff et al.?! studied EPR in amorphous
(Gd,Y)o.33Al ¢7 and found that Gd concentrations of less
than 0.1% were required to open the bottleneck. Howev-
er, in Zr, T _, the situation is less favorable for the oc-
currence of a bottleneck in view of the higher spin-orbit
splitting constant of Zr if compared to Y, the higher con-
centration of the 4d metal and the somewhat lower posi-
tion of the Zr d band as compared to the Y d bands. The
latter two features are probably also the reason that in
amorphous Zr,Cu;_,, unlike amorphous Y 33Alg 67, the
contributions of s electrons to N (Ey) are roughly an order
of magnitude smaller than the contributions of d elec-
trons. For Zr,Cu,_, this result was obtained by means of
NMR measurements and has been reported elsewhere.! In
the case of a prevailing d-electron density of states, using
F,=0.2, one expects the Korringa ratio
d(AH)/dT

R=—"7—"" (4)
(Ag)’mk /(gug)

to be of the order of 0.1. Comparison with the experimen-
tal R values listed in the last column of Table III shows
that such a situation is found in the present amorphous al-
loys. Since the first term in Eq. (3) is more than an order
of magnitude lower than the second term we may neglect
it and write

d(AH) ,_»

N2(Ep) £ T (5)

~ 0.2mkug dT

The values for Ny(Ey) calculated in this way, using the
experimental d (AH)/dT values and Jz;=0.1 eV, are list-
ed in the third column of Table IV.

For the Zr,Cu;_, alloys we are in the fortunate posi-
tion that the d-electron susceptibility X; was determined
previously by combining magnetic and NMR data. We
may then use the expression

Ny(Ep)=Xgq/2u3N (6)

to obtain an independent check on the Ny (Er) values es-
timated by means of Eq. (5). The experimental X; values
obtained previously and the corresponding N,(Ef) values
are given in Table IV (fourth and fifth columns). As a
second check we have included in the last column of Table
IV the densities of states obtained by means of the expres-
sion

TABLE 1V. Experimental values of the Korringa rates (in G K~!) and d-electron susceptibilities (in
emu/mole) in various amorphous Zr,Cu;_, alloys. The corresponding values for the densities of states
(in V! per atom per spin) are indicated by N3*(Ey) and N}(Ey), respectively. The value N?(Ey) was

derived from specific-heat data (see text).

dAH

Zr,Cuy_, T NAM(ER) Xa NXER) NY(Ep)
p.o
0.72 36.2 0.90 5.93%x10~° 0.92 0.93
0.50 25.5 0.73 4.37x10~° 0.68 0.70
0.44 27.0 0.76 4.08%x10~° 0.63
0.38 22.8 0.70 3.69%x 1073 0.57
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N(Ep)=3y/m*k?, 7

where we have used the values of the electronic coefficient
of the specific heat y determined for Zr;;,Cug,s and
Zro' 50C110.50 by Samwer.2

It can be seen from the results shown in Table IV that
there is good agreement between the three sets of indepen-
dent values of the density of states for the alloys x=0.72
and 0.50. For the Cu-rich alloys only two sets of values
for the density of states are listed. Here, too, the agree-
ment is still satisfactory, the deviations being of the order
of 20%.

The above results can also be interpreted as meaning
that for the Zr-rich alloys the Jy; exchange constant is to
a rather good approximation equal to 0.10 eV, whereas for
the Cu-rich alloys its value tends to be slightly higher
(0.12 eV). Inspection of the values of the Korringa rates
listed in Table III shows that these remain more or less
constant in the various amorphous Zr, 7T _, alloys. In
connection with Eq. (5) this means that variations in the
values for Jg; and N, roughly compensate or that these
latter two quantities do not vary much in this series of al-
loys. Assuming that Jy has the same value (0.1 eV) as
found in Zrj 7,Cug .3 one may use Eq. (5) for calculating
Ny4(Ep), using the experimental values of the Korringa
rates.

The N,(Efr) values obtained in this way are listed in
Table V, together with the corresponding Korringa rates.
As far as they are available we have included values in the
Table derived for the density of states by means of
specific-heat measurements. It is interesting to note that
all these values are considerably higher than the density of
states 0.64 eV ! per atom per spin derived from specific-
heat measurements for pure Zr metal.?

Finally we wish to discuss the surplus susceptibility
(Xg+X, )7 listed in Table II for the amorphous Zr, T _,
alloys in which T represents a late transition metal with
an open d band. A comparison of the X data in Table II
with the d (AH)/dT data in Table III shows that the in-
crease over the value found in the Cu alloy is not correlat-
ed with a similar increase in d (AH)/dT. In other words,
the surplus susceptibility does not contribute to the Kor-
ringa rate. This can be taken as evidence that the main
part of the surplus susceptibility is due to an increase in
the X,, contribution. In metallic systems an analog of the
Van Vleck susceptibility was discussed by Kubo and Oba-
ta.® Typical values for this so-called orbital paramagne-
tism in nonmagnetic intermetallic compounds of d transi-
tion metals are of the order of 5.10~* emu/mol.?*

V. CONCLUDING REMARKS

By combining results of susceptibility measurements
and EPR measurements with earlier results obtained by
means of NMR we have been able to derive fairly accurate
values for the density of states in amorphous Zr,Cu;_,
alloys and also for several alloys of the type Zr,T;_,,
where T is a (late) transition metal. We showed that the
density of states is primarily due to the d electrons of the
Zr subband. It is fairly insensitive to the nature of the T
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TABLE V. Experimental values of the Korringa rate (in
GK™!) in various amorphous alloys and the corresponding
value of the density of states (in eV~! per atom per spin). The
two values in the last column were derived from specific-heat
data published by Samwer (Ref. 2) and Graebner et al. (Ref. 3).

dAH

Alloy aT N4(Er) N(EFr)
Zl'ovncllo,zg 36.2 0.90 0.93
Zro_ 67Ni0_ 33 39.1 0.94
Zro.67Pdo.33 30.1 0.82 1.07
Zro.73Pto.2» 37.2 0.92
Zr0.67CO()‘33 30.0 0.82
Zro.74Rhg 26 354 0.90

component and about 30% larger than in pure crystalline
Zr metal.

It is interesting to compare these findings with results
obtained by means of photoelectron spectroscopy.”’ The
main features of these latter results on Zr, T;_, alloys can
be summarized as follows: The d bands of Zr and the late
transition metal T do not coalesce into a common d band,
which excludes a description of the magnetic and electron-
ic properties of these materials in terms of a rigid-band
approach. The photoemission spectra are dominated by
two separate peaks associated with the d bands of the two
components Zr and 7. Both d bands have become nar-
rower than found with the parent metals. Apart from this
effect, the hybridization between the two sets of d states
has also led to a repulsion between the two d bands, the Zr
d band moving to higher energies (lower binding energies)
and the d band due to the T electrons moving to lower en-
ergies (higher binding energies).?>?® The concomitant hy-
bridization leads to some d-electron sharing between the
Zr and T atoms and increases somewhat the contribution
of the d states due to T in the Zr d-band region. Owing to
the shift in downward direction with respect to Ep the d
bands of T components having a partially depleted d band
will become more filled. As a consequence of this latter
feature the partial density of states of the T component
will be reduced considerably. Band-structure calculations
showed that the density of states near the Fermi level is
mainly determined by the Zr d band.?® These results are
in agreement with the results found in the present investi-
gation.

Band-structure calculations have also shown that the
partial d density of states due to Zr has a minimum slight-
ly above Ep and increases below Ep.?® Owing to the d-
band repulsion mentioned above, one would expect there-
fore that as a consequence of the Zr d-band shift towards
higher energies the Fermi level would move into a region
of a higher d density of states. This is exactly what our
results suggest, since we found an increase in Ny(Eg) in
the amorphous alloys relative to pure Zr metal. In this
respect our results are somewhat different from the photo-
emission results’®> where the normalization of the photo-
emission spectra of Zr and the Zr,T,_, alloys does not
suggest a substantial increase in the density of states.
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