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The effect of hydrostatic pressures up to 4,000 kg/cm 2 on the magnetic susceptibility at room tem
perature is investigated in alloys of palladium with rhodium and with silver, by the method of free 
suspension of the sample with an inhomogeneous magnetic field. The experimental results are dis
cussed within the framework of a simple empirical description of the variation of the electron 
spectrum of transition metals under pressure, containing deformation of the d-band and a relative 
shift of the s- and d-states on the Fermi level. 

INTRODUCTION 

FROM the few published rigorous calculations of the 
electronic spectra of transition metals under pres
sure (11 it is difficult to separate the main mechanisms 
governing the change of the spectrum and the curve of 
the density of states. Yet it is possible to construct a 
simple empirical model suitable for the description of 
the dependence of the density of states on the pressure. 
With the aid of such a model it is possible to describe 
satisfactorily the behavior of the magnetic susceptibil
ity of chromium alloys under conditions of hydrostatic 
compression at room temperature[2 l, and the parame
ters of the model are in good agreement with experi
mental information on other electronic properties of 
these alloys. In the model, according to the customarily 
accepted representations, the density of states N is 
regarded as a sum of the contributions of two bands-a 
narrow d-band and a band of almost free electrons, 
called the s-band, while the influence of the pressure 
is regarded as the sum of the contributions of two 
mechanisms-the deformation of the d-band and its 
shift relative to the s-band. Taking into account the 
inequality Nd » Ns, we neglect the role of the s-band 
in all the effects with the exception of the band shift, 
and assume that Ns RS const. Thus, the electronic 
Gruneisen parameter y e takes the form 

'Y· == dIn N I dIn v = 'Y + ~a In N I aq. (1) 

Here V is the volume and the number of electrons per 
atom, and the parameters y and {3 have the following 
meaning. The first mechanism-the deformation of the 
d-band-is described by the parameter y = a ln N/a ln v. 
The second mechanism-the relative shift of the states 
of the s-and d-bands on the Fermi boundary, D-Es-d. 
leads to a shift of the curve of the density of states 
N(q) by an amount D.q = 2NsD-Es-d and is described 
by the parameter {3 = aq/a ln v. It is assumed that the 
parameters y and {3 can be regarded as constants in 
a limited interval of the state-density curve. 

The present paper is a continuation of investigations 
of the deformability of the spectra of transition metals 
by pressure and a verification of the feasibility of the 
described model. The most interesting result-the 
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FIG. I. Typical x(P) plots of pal
ladium alloys: reading down-Pd + 
2% Ag, pure palladium, Pd + 5% Rh, 
Pd + 8% Rh. The different sets of 
points correspond to different sam
ples of the investigated alloy. 

separation of the effect of the band shift-can be ob
tained only by a special choice of the investigated por
tion of the spectrum-the vicinities of the maximum of 
the state-density curve. In this connection, we consider 
the influence of pressure on the magnetic susceptibility 
of binary alloys of palladium with silver and rhodium, 
having a maximum of the state density at a rhodium 
content of approximately 5 at.%. 

SAMPLES, EXPERIMENTAL TECHNIQUE, RESULTS 

Binary alloys of palladium (99.11?0 ), containing up to 
15 at.% rhodium (99.7%) and 2 at.% silver (99.9%) were 
prepared in an arc furnace followed by two-hour 
annealing at 1000°C in vacuum. 

The magnetic susceptibility x under pressure was 
measured, as in the preceding investigation[2l, using 
propyl alcohol to transfer the pressure to the sample. 
Typical experimental plots of x( P) are shown in Fig. 1 
and are similar to those given in[ 2j. The values of the 
susceptibility at P = 0 coincide with the data by others 
(for example, [31). 

The values of d ln x / d ln V are represented by the 
points in Fig. 2 as functions of the electron density (the 
compressibility coefficient of the alloys-linear inter-
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FIG. 2. Experimental values of the 
derivatives dlnx/dlnV and plots of Eq. 
(5) for different values of the parameter 
{3: 1-{3 = 0, 2-{3 = 0.30 atom-1 

5 Pd 5%Ag 

11.85 fJ. 90 U, 95 TO 
q, el/at 

polation of the values for the pure components from [41). 
In non-annealed alloys containing more than 5 at.% 

rhodium, the absolute values of the susceptibility are 
somewhat higher than in annealed ones, but the value 
of d ln x / d ln V remains practically the same. 

DISCUSSION OF RESULTS 

A feature of the system of alloys of palladium is the 
increase of their spin susceptibility xs by the exchange 
interactionf 5l, While facilitating the experiment, this 
circumstance makes the interpretation more compli
cated, in view of the appearance of additional parame
ters. Taking into account the exchange interactionfsJ 
we have 

x= x.l (1--,- ax.). 

Recognizing that 

dIn x. I dIn V = v + ~a In X· I oq, 
we can obtain from (2} and (3} 

dJnxldlnV= [v+ax(v 
+a In a I o In V)] + ~a In xI oq. 

{2) 

{3) 

{4) 

Expression {4} contains four parameters (a, {3, y, 
a ln a/a ln V), which we assume to be constant for the 
entire series of the investigated alloys. Using (4} at 
the point of the maximum x( q} (at 5 at.% rhodium), we 
can easily replace two of them, pertaining to the ex
change interaction, by the experimental values Xmax 
{635 x 10-6 mole-1 ) and d ln Xmax/d ln V {4.66}: 

dlnx + X (dlnxmox ) &Inx {5) --=v - --. -v +~--. 
din V' Xm•< din V &q 

The determination of the remaining parameters re
duces to their choice in {5) until a best description of 
the data of Fig. 2 is obtained, It turned out that the 
curve specified by expression (5) is stable against 
changes in the deforn'lation parameter y, and to refine 
it with the aid of (1) we used the experimental values 
of the Gruneisen parameter ye = 2.1 f61, and the value 
a ln N/aq = -4 for palladium, which was determined 
from the low-temperature susceptibilityf 3l: 

The final values of the parameters are: 

v= 3,3±0.3, 
~ = 0.30 ± o,ozatom- 1. 

Figure 2 shows curves described by Eq. (5}, il
lustrating the last stage of the selection of {3 and the 
degree of attained agreement with experiment. 

Let us consider the main conclusions of the investi
gation. 

FIG. 3. Plots ofx(q) at zero pressure 
(I) and at a pressure corresponding to 
/:::. V /V = -0.025 (5 X I 04 atm): 2-calcu
Jation from Eq. (5) without allowance 
for the band shift, 3-extrapolation of 
experimental data. 
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1. It turns out that the model proposed in f2 l for the 
variation of the spectrum under pressure describes 
successfully the experiment with the aid of parameters 
that are constant in a considerable interval of the elec
tron concentrations (at least in the region of the maxi
mum of the density of states curve). 

2. An important result is also the distinct separation 
of the effect of the band shift. The corresponding shift 
of the state-density curve is clearly demonstrated in 
Fig. 3 by the difference between the positions of the 
x(q} curves for t:.V/V = -0.025 (P ~ 5 x 104 atm), 
namely, curve 2 was calculated from Eq. (5) without 
allowance for the band shifts, and curve 3 is extrapola
tion of the experimental data (curve 1-x(q) at P = 0). 
The energy shift of the states of the s and d bands on 
the Fermi level amounts to {putting Ns = 0.14 eV/atom, 
as in silverf71 ) 

oE,-dloln V= 1,05±0.15eV, 

i.e., it is close to the analogous characteristic in 
chromium alloys[ 2l {1.6 ± 0.5) and has the same sign: 
under pressure, the s-states drop relative to the d
states. 

The manifestation of the band-shift effect should 
become sharper with decreasing temperature, owing to 
the increase of a ln x/aq. Substitution in (4) of the 
corresponding low-temperature value of the deriva
tivef31 shows that at liquid-helium temperature the 
effeet of the band shift for palladium is predominant, 
as a result of which the derivative d ln x/ d ln V re
verses sign (-3.7). The agreement between the calcu
lated value and the one measured by magnetostriction(Bl 
( d ln x/ d ln V = -3.5) confirms both the existence of 
the band shift and the value found for it 1>. 

3. The correctness of the obtained parameter y is 
confirmed by the following facts: using Eq. {4} at the 
point of maximum susceptibility and putting a = 0.78 
x 104 mole from [1oJ, we obtain the value a ln a/a ln V 
= -3.0 ± 0.5, which depends on the choice of the 
parameter y. It agrees with the results obtained in r a], 
if one uses the experimental value of the Gruneisen 
parameter (2.1 f61 in lieu of 1.5), namely, a ln a/a ln V 

-2.7. 

I) After completing the work on this article, the authors became ac
quainted with the results of investigations of the de Haas-van Alphen 
effect in palladium under conditions of hydrostatic pressure [9 ). The 
character of the change of the extremal section of the Fermi surface, 
corresponding to s electrons, is in qualitative agreement with the band
shift effect observed by us. 
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The parameter y is close to the Gruneisen parame
ter obtained for the alloy Pd + 50 at.% Rh, for which 
y = Ye = 3.6 ± 0.3[ 6J. It is doubtful, however, whether 
the parameters obtained by us remain valid in such a 
wide range of concentrations. In general, on the gently
sloping sections of the N( q) curve, it is hardly possi
ble to separate distinctly the effects of the shift and of 
the deformation, all the more since the shift of the 
states on the Fermi level, as observed by us, contains 
an admixture of the deformation effect; this admixture 
depends on its position in the band. 

Thus, the first systematic investigation of the mag
netic susceptibility of alloys of transition metals under 
pressure makes it possible to propose a simple and 
lucid model of the variations of the spectrum, to deter
mine its parameters, and to obtain, in the case of 
palladium alloys, information concerning the change of 
the exchange interaction under pressure. 

The authors are grateful to V. N. Manchenko for 
help in preparing the samples. 
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