
and introduced the dimensional constant a, which was 
omitted above. 

To obtain the polarization on scattering through angle 
8 it is necessary to integrate PdLa/d&ldE' over the en- 
ergy transfer and divide by 48). The integration over 
E' is equivalent to integration over q over the region 
q >-Pa; this leads simply to the replacement q -p8 in 
(A.4) and gives the expression (29) of the main text. 

')we recall  that by  the discontinuity of a fundion across  the 
cut we mean the quantity AJQ= [f (x+ i6) - f (x-is)] /2i. 

2'In Ref. 8 the spin dependence of the odd vertices was detar- 
mined without taking this fact into account. 
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An alternative explanation of the anomalies of the physical 
properties of lnvar alloys 
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The residual magnetic moment and unidirectional exchange anisotropy of a chromium-rich iron-chromium 
alloy and an iron-nickel Invar alloy were investigated as a function of temperature. In both cases the 
magnetic moment and the unidirectional anisotropy were retained in the tempmture range between the 
Curie and Nkl  points. These experimental results were used to draw conclusions on the nature of the 
physical anomalies of Invar alloys. The proposed model was found to be in agreement with all the 
currently available experimental data. 

PACS numbers: 75.50.Bb, 75.30.Gw, 75.10.-b 

Several models have been suggested to explain the 
anomalies of the physical properties of Invar alloys. 
They include the latent antiferromagnetism model of 
~ondorski!,~"~] the model of two y states of Weiss, C4' 

the models based on the alloy heterogeneity (Schlos- 
serC5v6]) and allowing for the ordering in alloys (Kachi 
and Asa r~o~~-~ ' ) ,  the model of weak band ferromagnetism 
of Wohlfarth, and others. A l l  these models ex- 
plain more or less satisfactorily the anomalies of the 
dependence of the magnetic moment and Curie temper- 
ature of the alloys (FeNi, FePt, FePd) on their compo- 
sitions, anomalous values of the high-field susceptibil- 
ity, etc. However, none of these models explains all 
the physical properties of Invar alloys, for example, 
the temperature dependence of the linear expansion co- 

efficient (see Fig. 2b Some of them are 
even in conflict with the experimental observations. 

In the models postulating antiferromagnetism of 
Invar alloysc3] there still remains the question how to 
explain the influence of antiferromagnetism on the 
physical properties of Invar alloys at temperatures 
above the NBel point T, of the antiferromagnetic com- 
ponent (this temperature is -50° K for the Fe-Ni 
alloys). 

We investigated chromium-rich Fe-Cr alloys from 
which samples with a low expansion coefficient, known 
as "nonmagnetic Invars," were prepared. The inves- 
tigated alloys with 78-93% C r  exhibited unidirectional 
exchange an is~t ropy .~ '~]  One of the investigated alloys 
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FIG. 1. Part of a hysteresis loop of the Fe8Cr9, alloy 
cooled to helium temperatures in the absence and presence 
of a field of 400 Oe (Ref. 14). 

containing 9% Cr  and 8% Fe was quite interesting. It 
did not exhibit a residual magnetic moment when cooled 
to helium temperatures in the absence of a magnetic 
field (Fig. 1). However, when the same cooling took 
place in a magnetic field, this alloy acquired ferromag- 
netic properties: a residual magnetic moment and a 
hysteresis loop, which was displaced relative to the 
coordinate origin opposite to the direction of the field 
applied during cooling.[14] The displacement of the 
hysteresis loop was evidence of the unidirectional ex- 
change anisotropy of the alloy and, consequently, of 
the coexistence of the ferromagnetic and antiferro- 
magnetic components. Increase of the temperature to 
20" K destroyed 80-90% of the magnetic moment (Fig. 
2a) and halved the displacement of the hysteresis loop. 
At still higher temperatures the residual moment re- 
mained almost constant and it disappeared completely 
only when the NBel point T, of the antiferromagnetic 
component (25" K) was reached. The displacement of 
the hysteresis loop then increased somewhat, then 
decreased slowly and disappeared at T, of the anti- 
ferromagnetic component (250" K). 

The behavior of the magnetic properties of this alloy 
can be understood on the basis of the following model 
of Invar alloys. Both ferromagnetic and antiferromag- 
netic components exist in such alloys. In the ferro- 
magnetic Invar alloys the antiferromagnetic component 
is present in the form of clusters in the ferromagnetic 

100 ZOO 300 

FIG. 2. a) Temperature dependences of the residual magne- 
tic moment Mo and of the displacement AH of the hysteresis 
loop of the Fe8Crgz alloy. b) Temperature dependences of 
the magnetic moment L of the sublattices of the antiferro- 
magnetic component of an iron-nickel Invar, U91 of the 
displacement AH of the hysteresis loop, and of the linear 
expansion coefficient a (Ref. 12). 

matrix; this applies to iron-base alloys (FeNi, FePd, 
etc.). The Curie temperature T, of the ferromagnetic 
component of these alloys is considerably greater than 
T, of the antiferromagnetic component (Tc >> T,). The 
reverse i s  true of the nonferromagnetic Invars: the 
ferromagnetic component is present in the form of 
clusters in the antiferromagnetic matrix (this applies, 
for example, to  alloys based on antiferromagnetic 
chromium). In this case, the Curie temperature T, of 
the ferromagnetic component i s  much lower than T, of 
the antiferromagnetic component (T, >> T,). There i s  
an exchange interaction between the ferromagnetic and 
antiferromagnetic components, which i s  indicated by 
the unidirectional exchange anisotropy of Invar 
 alloy^.['^*'^^ This exchange interaction has the follow- 
ing effect: between the Curie and N6el temperatures 
(T, < T < T,) the ferromagnetic component of an anti- 
ferromagnetic Invar is not in the paramagnetic state 
but retains a certain magnetic moment (-la M,) in- 
duced by the antiferromagnetic matrix.C171 The mo- 
ment of the ferromagnetic component (-1% M,) ob- 
served above T, corresponds to the magnetization 
which this component would have had in an isolated 
state at the temperature -0.98Tc. 

It follows that a magnetic state corresponding ap- 
proximately to the Curie temperature i s  induced in the 
ferromagnetic component of our alloy above T, (-20" K). 
In other words, the region of Tc seems to be extended 
over the whole temperature interval between the Curie 
and N6el points and, consequently, all the anomalies 
of the physical properties usually observed in the re-  
gion of T, are found throughout this interval. 

We may expect an exactly opposite situation in the 
ferromagnetic Invars. In that case the antiferromag- 
netic component does not become paramagnetic above 
the Ne'el point (-50°K for the iron-nickel Invars). The 
ferromagnetic component induces, by the exchange in- 
teraction, some sublattice moment in the antiferro- 
magnetic component and this i s  retained right up to 
T, of the alloy (-500" K for the iron-nickel Invars). 

We investigated an iron-nickel Invar alloy with 72% 
Fe and 28% Ni, which was subjected to  a special heat 
treatment intended to ensure retention of 47.5% of the 
fcc phase right down to helium temperature. After 
cooling in a magnetic field this alloy exhibited a dis- 
placed hysteresis loop at 4.2"K. The temperature de- 
pendence of the loop displacement AH, of this alloy 
was similar to the temperature dependence of A H, of 
the 92% Cr  = 8% Fe alloy (Fig. 2b). This loop displace- 
ment was retained up to 300" K. Such observations 
were evidence of retention of antiferromagnetism in 
the iron-nickel Invar above T, (-50°K) right up to 
room temperature. 

Our previous investigations of the magnetocaloric 
effect in the iron-nickel Invar alloysc1g1 also demon- 
strated the presence of the antiferromagnetic compo- 
nent. The two-lattice model was used to find the mag- 
netic moment of the sublattices L and its temperature 
dependence (Fig. 2b). [I9 

We can easily show that the magnetic contribution to 
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the linear expansion coefficient should be proportional 
to the derivative of the magnetization with respect to 
temperature IY a: dM/dT. It is clear from Fig. 2b that 
near the low-temperature minimum the temperature 
dependence of the linear expansion coefficient of the 
Fe,, N&, alloy does indeed represent the temperature 
derivative of the magnetization of the sublattices of the 
antiferromagnetic component, i.e., the negative con- 
tribution to the linear expansion coefficient below 50°K 
i s  due to the change in the sublattice magnetization L of 
the antiferromagnetic component. 

The situation above 50°K is as  follows. The anti- 

FIG. 3. Effective radius f5[fif inneutronscatteringby magnetic inhomogenei- 

to to ties. 1201 

mum of the temperature dependence of the linear ex- 
pansion coefficient in the region of 0.6Tc. 

ferromagnetic component, present in the form of 
clusters in the ferromagnetic matrix, loses 80-90% of It follows that above T, the Invar alloys retain a 

certain proportion of the ferromagnetic component the sublattice magnetization Lo at temperatures above 
its NBel point T, and the remaining 10-20% of Lo is with partly disoriented spins in a state similar to that 

due to the exchange interaction with the ferromagnetic of a ferromagnet in the region of Tc (Ref. 24), as 

component. Since this interadion works in both direc- shown in Fig. 3. This volume increases on increase 

tions, it follows that an almost paramagnetic cluster in temperaturec20*231 and, together with antiferromag- 

disorients the ferromagnetic matrix spins in a certain netic clusters, is responsible for all the anomalies of 

region around it and this region (a "cloud") increases the physical properties of Invar alloys. 

with rising temperature. The spin disorientation in the 
cloud and the cloud size rise on increase in temper- 
ature and there is a corresponding f a l l  in the magnetic 
moment of the all~y.[ '~*~'] Thus, the usual reduction in 
the magnetization of the ferromagnetic component of 
Invar alloys with rising temperature i s  supplemented 
by a f a l l  of the magnetic moment due to the spin dis- 
orientation around antiferromagnetic clusters. The 
reduction in the ferromagnetic moment with rising 
temperature which is due to the exchange interaction 
with the antiferromagnetic moment becomes noticeable 
already on approach to T, (Ref. 18). Above T, the 
moment falls rapidly and it represents 0.7 of the mo- 
ment at 0°K even at temperatures 0.6TC (in the case of 
a single-phase ferromagnet this redudion is attained 
at temperatures of 0.85Tc). However, the subsequent 
f a l l  of the magnetic moment of Invar alloys is less 
rapid than in the case of a single-phase ferromag- 
net.['ll This is due to the f a d  that the role of the ex- 
change interaction between the components begins to 
decrease, because, as indicated by neutron-diffraction 
studies, [20*22*231 the overlap of the magnetic inhomogen- 
eity regions begins in this range of temperatures. 

The position of the second minimum of the temper- 
ature dependence of the linear expansion coefficient 
represents the volume of the ferromagnetic component 
interacting with the antiferromagnetic clusters. An 
increase in temperature above the Nkel point results 
in an increase in this volume and there i s  a corres- 
ponding increase in the negative contribution to the 
linear expansion coefficient. At room temperature the 
iron-nickel Invars exhibit an overlap of the neighbor- 
ing spin-disorientation regionsC231; this immediately 
reduces the effectiveness of the exchange interaction 
between the components because of the noncoherence 
of the exchange interaction in the overlap zones, SO 

that the negative contribution to the linear expansion 
coefficient begins to decrease slowly. This gives rise 
to the wide (along the temperature axis) second mini- 
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