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FIG. 7. A comparison of the calculated and experimental 
dependence of Tc on bandwidth. solid line. calculated; 
solid circle . experimental. 

.x lO-z emu mole-1 Oe-1 as compared to Xo= 1. 38 x lO-z 

emu mole -1 Oe -1 for Zr Zn2. 14 This difference in Xo 
between MnSb and Zr Zn2 is consistent with the values 
of T for these materials . For Zr Znz, 9 j = 1. 0042 
and from this work for MnSb, j max = 1. 206; thus X 0 

for MnSb should be smaller. A detailed compari
son, 32 however , can only be made if N( £F) for MnSb 
were known. For x >0, Xo cannot be reliably ex
tracted from the experimental data because the 
susceptibility has a complicated temperature de
pendence4 which is thought to be due to exchange
striction effects. 

B. First-order Region 

Previous experimental studies6 on MnAs and 
MnAsx P1-x have established that a first-order , 
hexagonal - FM -to -orthor hombic- PM, transition occurs 
only if the molar volume at T c lies within a narrow 
critical range V t - .a. V < V < V t , where .a.V/ V "' O. 025. 

This narrow molar -volume range is related through 
the thermal expansion to the temperature range 
T t - 125 oK < T < T t , where T t is the second-order, 
orthorhombic - PM -to -hexagonal- PM, transition 
temperature. This, coupled with the fact that there 
is a low-spin ~ high-spin transition in this tempera
ture interval, led Goodenough and Kafalas6 to postu
late the existence of a maximum critical bandwidth 
that would support spontaneous FM and the existence 
of a volume-dependent intra-atomic exchange inter
action. This model predicts the existence of a 
critical pressure P c above which the PM orthor
hombic phase is stabilized to absolute zero; a Pc 
= 4 kbar has been found for MnAs . 1.6 If P is sub
stituted for As , than one expects Pc to decrease 
since the substitution of P decreases the lattice 
parameters (the molar volume), and thus the band-

width increases. Furthermore, if sufficient Pis 
substituted for As, P c - O. These effects have been 
observed . 5

•
6 However, if Sb is substituted for As, 

the lattice parameters (molar volume) increase 
and the bandwidth decreases. Therefore, the 
substitution of Sb should cause Pc to increase, which 
is in accord with our experimental results. 

Now if more than 10% Sb is substituted for As, 
then the molar volume will be larger than the 
critical volume required for a first-order transi
tion, and the resulting solid solutions exhibit 
second-order transitions. If this model is correct, 
then at sufficiently high pressure one might expect 
to induce a first-order phase change in the materi
als with concentration x .s O. 9. At the time this 
work was done, the pressures available to us (- 4kbar) 
were insufficient to check conclusively this pre
diction on the x = O. 88 solid solution. Estimations 
based on the isotropic Bean-Rodbell model17 indi
cate a second- to first-order transition pressure 
of approximatly 16 kbar for this material. This 
number must be taken lightly, however , since 
there have been objections to using the Bean-Rodbell 
model in its isotropic form for MnAs. 1 We are 
planning to continue the search for a second- to 
first-order transition pressure at higher pressure 
in the solid solutions with concentrations x.s 0.9. 

The Bean-Rodbell model, 17 which is based on a 
localized spin picture, has been used to describe 
qualitatively the first-order nature of the transition 
in MnAs. A similar situation arises in the itineran1 
electron model when the exchange and electron
lattice forces are balanced against the 
elastic forces. The result of this balance is that 
the bandwidth and exchange interaction become 
temperature dependent; then, depending on the 
parameters, the transition may tend to sharpen and 
may become first-order as in the Bean-Rodbell 
model. This type of procedure has been used to 
explain thermal expansion effects in an itinerant
electron AFM26 where only the electron-lattice in
teraction was considered. In this case it was 
demonstrated that the balance set up between the 
elastic and electron-lattice forces is important in 
explaining the anomalous behavior of the thermal 
expansion for temperatures near TN' However, for 
the parameters used in the theory, no first-order 
nature was observed in the phase transition. 26 It 
is anticipated that inclusion of exchange-striction 
effects could precipitate a first-order phase transi
tion for the itinerant-electron AFM. 

Unpublished x-ray data by Goodenough33 on 
MnAso.aoSbo.oz show that the unit-cell volume is quite 
temperature dependentfor temperatures near Tc 
where the volume decreases continously from a value 
of 70. 81 A3 at a temperature of approximately 100 
oK below Tc to a value of approximately 70.19 A3 at 
T c . This represents approximately 0.9% decrease 
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in the volume. For MnAs there is approximately 
a 1. 8% discontinuous volume decrease at T c for 
increaSing temperature. It is therefore apparent 
that for x ~ O. 80 there are large interactions of the 
lattice with the exchange energy and/ or the elec
tronic energy. The volume changes associated 
with these interactions depend on the magnetization. 
Because of the coupling, a discontinuous change in 
the unit-cell volume is reflected in a discontinuous 
change in the magnetization, and vice versa. 

The physical picture we have for the results of 
the coupling of the magnetization and the lattice is 
as follows. At low temperature the magnetization 
takes on its saturation value, and the magnetic 
characteristics are determined by the bandwidth 
W, density of states N( €F), and the exchange in
teraction 1. As the temperature is increased the 
lattice expands, and because of electron-lattice 
coupling and exchange striction, W decreases and 
I can either increase or decrease depending on the 
sign of a lnI/ a In V. For the material under consid
eration here, as W decreases, Tc will increase 
and the magnetization for T « Tc will increase over 
the value it would have had if Wand 1 did not depend 
on the volume. However, because of the electron
lattice and exchange-striction effects, the lattice 
contracts for T.:s T c and thus W increases and T c 
decreases. Hence depending upon the amount of 
coupling, the rate at which W increases (or the 
apparent Tc decreases) determines whether the 
transition will be second or first order. For the 
first-order transition, in the words of Bean and 
Rodbell, 17 " ••• this situation is like that of a man 
who has run beyond the brink of a cliff; there is no 
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gentle way down." The critical volume discussed 
by Goodenough and Kafalas6 appears to be intimately 
related to the electron-lattice and exchange-stric
tion effects as a detailed theory should show. 

Finally, the rather large changes in T c with 
pressure for the first-order region are noteworthy. 
As shown in Fig. 4, there is a discontinuous change 
in aTc / ap at the compOSition which demarcates the 
boundary between the first- and second-order re
gions . In addition, there are strong hystereSiS 
effects in the first-order region. At this time, we 
can offer no concrete explanation of the rather 
large (aT j ap)' s for the first-order region except 
to say that the large pressure effects appear to be 
connected to a "critical volume"e and consequently 
to the electron-lattice and exchange-striction effects. 

We conclude that for the first-order region elec
tron-lattice and exchange-striction effects are im
portant, and that inclusion of these effects in an 
itinerant-electron FM model (which is in a similar 
spirit to the Bean-Rodbell model) will be able to 
explain in some detail the magnetic and structural 
behavior. We also conclude that although the itiner
ant model used to discuss the second-order region 
is rather simple, it contains in it the essential 
features of a more elaborate treatment. 

ACKNOWLEDGMENTS 

The authors gratefully acknowledge Dr. G. A. 
Samara for useful diSCUSSions, Dr. J. B. Goode
nough for his x-ray data on the x = O. 80 solid solu
tion, and J. D. Pierce for expert technical assis
tance. 

IOD. M. Edwards and E. P. Wohlfarth, Proc . Roy. 
Soc . (London) A303 , 127 (1968). 

l1J. Mathon and E. F. Wohlfarth, Phy s. Status Solidi 
lli!, K131 (1968); E. P. Wohlfarth, Phys. Letters 28A , 
569 (1969) ; 31A, 525 (1970). 

12E. P. Wohlfarth and L. C. Bartel, Phys. Letters 
34A , 303 (1971) . 

13G. A. Samara and A. A. Giardini, Rev. Sci. Instr. 
36 , 108 (1965) . 
- 14R. C. Wayne and L. R. Edwards, Phys. Rev. ~ 
1042 (19691 . 

15J. E. Schirber, Cryogenics 1Q, 418 (1970). 
1ST. Hirone, T. Kaneko, and K. Kondo, in Physics of 

Solids at High Pressure, edited by C. T. Tomizuka and 
R. M. Emrich (Academic, New York, 1965) , p. 298. 

17C. P. Bean and D. S. Rodbell, Phys. Rev. ill. 104 
(1962). 

18M. Shiga, Solid State Commun. 1., 559 (1969). 
19The factor I in the denominator of Eq. (1) does not 

appear in the previous work. 
2oN. D. Lang and H. Ehrenreich, Phys. Rev.1§..§., ' 605 

(1968). 
21J. Kanamori, Progr. Theoret. Phys. (Kyoto) lli!, 

275 (1963). 
22If s-doverlap is a strong function of interatomic distance 


