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The concentration and temperature dependences of the cross sections for magnetic small-angle scattering 
of neutrons are studied by neutron diffraction techniques. The results are interpreted on basis of models 
involving perturbing centers and magnetic polarization regions. The absence of long-range 
antiferromagnetic order in classical Invars is demonstrated. However, the coexistence of short-range 
antiferromagnetic and long-range ferromagnetic orders in the alloys investigated is assumed. 

PACS numbers: 75.25.+z 

The inhomogeneity of the magnetic structure of iron
nickel Invars determines the singularities of the behavior 
of many physical properties of these alloys, and in par
ticular the concentration and temperature dependences 
of the average atomic magnetic moment J.1.. However, 
the character of the inhomogeneity has not yet been de
termined uniquely, and this makes it very difficult to 
solve the problem of Invars. Most proposed magnetic 
models of Invar alloys connect the magnetic inhomoge
neity with the existence of long-range or short-range 
antiferromagnetic order in the Invars. Since iron
nickel alloys containing more than 20% Ni (we use 
atomic percentages throughout) are ferromagnetic in 
the y phase, the question arises of the coexistence anti
ferromagnetic and ferromagnetic orders in these alloys. 

The possibility of the existence of long-range antifer
romagnetic order in Invars follows from the antiferro
magnetic structure of y_Fe(1) and of alloys based on 
iron and nickel with large content of Mn(2 ) or Cr(3 ) at a 
nickel concentration 15-20%. Neutron diffraction has 
revealed in all three cited studies the same type of 
antiferromagnetic structure, but with different Neel 
temperatures TN' In this connection, interest attaches 
to the work of Dubinin et al., (4) who arrived at the con
clusion, on the basis of a study of neutron diffraction 
by a poly crystalline sample of Invar composition with 
37% Ni, that long-range antiferromagnetic order exists 
in the alloy, with a magnetic structure of a different 
type and with TN = 15 OK. 

We report here an investigation, by neutron diffrac
tion, of the long-range magnetic order in a single crys
tal containing 35% nickel. In this case, the effect of 
antiferromagnetic ordering should be more clearly 
pronounced, and the intensities of the Bragg reflections 
exceed by at least two orders of magnitude the corre
sponding values obtained with a polycrystal having the 
same composition. Simultaneously, using small-angle 
magnetic scattering of neutrons by polycrystals, we in
vestigated the concentration and temperature depen
dences of the parameters of the magnetic inhomogene
ities of the ferromagnetic matrix. The combination of 
two neutron-diffraction methods that differ appreciably 
from each other in resolution yields direct information 
on the magnetic structure of the Invars. 
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1. MEASUREMENT PROCEDURE AND SAMPLES 

Small-angle magnetic diffuse scattering of neutrons 
from polycrystals quenched from 1000 °C, with natural 
isotopic composition, was investigated with a neutron 
diffractometer at A = 1. 59 A in the interval O. 1 ~ S ~ 1. 0 
(S = 47T.\-1 sine, where A is the wavelength of the neutrons 
and 28 is the scattering angle). The samples had 
strictly the same dimensions (cylinders of 7 mm diam
eter and 60 mm height) and contained from 40 to 32% 
nickel. The total impurity content in the alloy did not 
exceed 0.1%. All the samples were investigated in the 
temperature interval from 90 OK to the appropriate 
Curie temperature T c of each alloy. Since no marten
sitic transformation was observed in a sample with 32% 
Ni even at4. 2 OK (owing apparently to the Mnand Si impuri
ties), this alloy was investigated starting with 4.2 oK. 

The intensities of the small-angle magnetic scatter
ing of the neutrons were obtained by subtracting the 
scattering of an iron-nickel sample with 55% Ni from 
the intensities of the scattering of Invar samples after 
suitable normalization of the experimental curves at 
S >0. 6. At practically equal amplitudes of the nuclear 
scattering of Fe and Ni, one subtracts in this manner 
all types of nuclear scattering, magnetic multiple scat
tering, and magnetic scattering due to the short-range 
atomic order which is preserved in the quenched 
alloys. (5) The latter type of scattering is accounted for 
in the cross section for the diffuse magnetic scattering 
by interpolation of the data of(6 ). Scattering from a 
standard vanadium sample was used to calculate the mag
netic cross sections for the small-angle neutron scattering 

The diffraction of the neutrons by a single-crystal 
sphere of 9 mm diameter with 35% Ni was investigated 
by us at 4.2 and 300 OK using a neutron diffractometer 
with A = 1. 07 A. Measurements of the neutron inten
sities were carried out in the directions (100) and (110) 
in the angle intervals 6° ~2e~40° and8~2e~55°, re
spectively. The sample temperatures were monitored 
with a gold (cobalt)-copper thermocouple. 

2. MEASUREMENT RESULTS AND DISCUSSION 

1. Small-angle magnetic scattering. Figure 1a shows 
the differential neutron-scattering cross sections as 
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FIG. 1. a) Cross sections of small-angle magnetic scattering 
of neutrons by Invar alloys at 90 oK: 1 - 32% Ni, 2 - 34% Ni, 
3 - 35% Ni, 4 - 36% Ni, 5 - 38% Ni. b) Dependence of (du/ 
dOt l / 2 on S2. 

functions of 5, obtained at 90 oK. The steep rise of the 
experimental pOints at 5 ~ 0.1 may be due to inelastic 
scattering of the neutrons by spin waves, for which 
there exists a critical value 5cr that depends on A and is 
proportional to (1- T/Tc)-1/3. However, the value of 
5 estimated analogously by Komura et al. l7 ) amounts cr 0 

at 90 oK to 0.042 A-I for all the investigated alloys. 
Just as in l7 ), it is assumed that the increase of the in
tensity at 5 ~0.1 is due to spin-wave damping and to the 
finite resolution of the apparatus. 

The angular dependence of du/ dn in Fig. 1a is typical 
of fcc alloys based on Ni, in which the matrix becomes 
magnetically inhomogeneous around the nonmagnetic 
impurity atoms. (8,9) Then, according to Comly et al.,r9) 

daldQ~O.0486c( I-c) JI' (S). (1 ) 

where c is the concentration of the impurity atoms, 

M(S)= S p(r)exp(irS)dr, (2) .. 
and o(r) is the deviation of the magnetic-moment den
sity, occurring at a distance r from the impurity atom. 
The linear dependence of (du/ dn)-l / 2 on 52 at small S, 
which is shown in Fig. 1b, indicates that M(S) is de
scribed by a Lorentzian of the form 

TABLE 1. 

N' I ~ntent. 
at.% 

40 
38 
36 
35 
34 
32 
32 

o 

b/sr
atom 

.039=0.008 
0.25±0.02 
0.72=0.07 
0.91=0.09 
1.32±0.13 
1.78±0.18 
1.41±0.14 

b/sr
atom 

0.034 
0.21 
0.61 
0.76 
1.09 
1.40 
1.40 

0.38 
0.34 
0.29 
0.28 
0.26 
0.22 
0.24 

0.09 
0.15 
0.15 
0.31 
0.39 
0.61 
0.61 

MIO). 
~B 

38±4 
57±3 
i3±4 
72±4 
77±4 
69±4 
69=4 
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M(S) ~M(O)/(l+lc'S2) . (3) 

where l/x is the parameter of the perturbation dimen
sion. 

The values of (du/dn)a determined from Fig. 1b at 
5 =0 and x make it possible to calculate the dependence 
of du/dn on 5. The calculated curves are shown solid 
in Fig. 1a and agree best with the experimental points. 
In Table 1 are given the values of (du/dn)a and x, ob
tained at 90 OK, while the last line shows the values at 
4.2 OK. The table lists only the statistical measure
ment errors. 

The dependence of (du/dn)o on the Ni concentration, 
given in Table 1, incorporates at 90 OK also the tem
perature contribution to the scattering, a contribution 
present in a ferromagnetic system with nonmagnetic 
impurities. (la) The temperature measurements of 
(du/dn) a, which are described belOW, have shown that 
the values of (du/ dn)o vary like (T c - Ttl at T /T c ~ 0.75. 
The extrapolated values of (du/dn)o for T =0 are also 
given in Table 1. As seen from this table, the tempera
ture contribution for the alloys with 40- 34% Ni are with
in the limits of the (du/ dn)a measurement error. Al
lowance for the Laue magnetic scattering in accordance 
with the data of Collins et al. (8) increases the values of 
du/ dn by 0.025-0.030 b, depending on the composition 
of the alloy, and is comparable with the scattering for 
the alloy with 40% Ni. The results obtained for this 
alloy, in view of the smallness of the small-angle effect 
and the appreciable errors in the reduction of the data, 
are only approximate. 

The concentration dependence of x at T = 0 OK, ob
tained by extrapolating the data of Fig. 5, is shown in 
Fig. 2a. If it is assumed that iron-nickel alloys have 
in the y phase a critical nickel concentration Ya, at 
which T c = 0 OK, in the range from 15 to 20%, (11) then 
the concentration dependence of the investigated com
positions is given by 

%~A (y_y.,) n. (4) 

where y is the concentration of the nickel, and n ranges 
from 1. 43 to 1. 03. For weak ferromagnets near Ya, a 
value n = O. 50 is predicted as a criterion of magnetic 
homogeneity. U2J However, the results y' )ld n =0. 52 
only at Yo = 28%, and according to Kachi and Asano, [llJ 

this composition has T c = 350 OK. ThUS, the concentra
tion dependence of x points to a unique magnetic in-
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FIG. 2. a) Concentration dependence of the reciprocal corre
lation-length parameter x at 4.2 OK. b) Distribution of the 
magnetic-moment perturbation density. 
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homogeneity of the investigated Invars. 

2. Magnetic-inhomogeneity model. The linear growth 
of du/dn and 1/x with increasing concentration of the 
iron atoms in the alloy indicates that the perturbation 
of the magnetic moments of the matrix, produced by 
each additional impurity, does not depend on the per
turbations already present. Then, taking into account 
the inhomogeneity dimensions estimated from the small
angle scattering of the neutrons in the Guinier approxi
mation[5J it must be assumed that either the concentra
tion of the perturbing impurities are sufficiently small, 
or that a linear superposition of the individual pertur
bations takes place when the perturbation regions over
lap. 

The decrease of I1Fe as a result of the concentration 
fluctuations m,141 and the low content of the perturbing 
impurities allow us to assume that the centers of the 
perturbations are Fe atoms surrounded only by Fe 
atoms in the first coordination sphere. The concentra
tion of these atoms are calculated with allowance for 
the short-range atomic order[51 by the formula 

121 
C=X N!(12-N)!(y-ya ,) (x+yal)"-N (5) 

at N = 0, where N is the number of Ni atoms in the near
est environment of the Fe atom, x is the concentration 
of the Fe in the alloy, and 0!1 is the short-range order 
parameter for the first coordination sphere, which is 
taken from [51. 

The calculated values of c and of the totai decrease 
of the magnetic moment in the region of the perturba
tion of M(O) are given in Table 1. The magnetic mo
ment I1Fe at the impurity iron atom is not determined 
by the present procedure. It is assumed that it is close 
to zero or that it may even had a small negative val
ue. (14] In the latter case, short-range antiferromag
netic order is produced. 

Using the Fourier transformation (2) and integrating 
(3), we can represent the magnetic-moment perturba
tion density p(r) in the form 

(6) 

and estimate its value within the limits of the dimension 
of the magnetic inhomogeneity. Figure 2b shows the 
distribution of the decrease of the magnetic moments 
over the coordination spheres. For the investigated 
allOYS, the decrease of the magnetic moments of the 
matrix is the same within the limits of the measure
ment errors and extends at least over ten coordination 
spheres away from the impurity atom, in agreement 
with earlier estimates[5J of the dimensions of the mag
netic inhomogeneities. Thus, the magnetic inhomo
geneity of the paramagnetiC matrix in the investigated 
Invar alloys is produced by regions with decreased val
ues of the atomic magnetic moments around clusters 
made up only of Fe atoms within the limits of the first 
coordination sphere. 

3. Model oj regions oj magnetic polarization. With 
decreasing Ni concentration in the alloys, the value of 
c increases and the regions of the perturbation begin to 
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overlap. Thus, at 22% Ni, the concentration of the im
purity atoms is c =4% and establishment of regions of 
long-range antiferromagnetic order of the y-Fe type [1-3 ) 
becomes possible in the fully perturbed matrix if the 
perturbing iron atoms have an appropriate magnetic 
moment. A direct investigation of such iron-nickel 
alloys at 4.2 OK is impOSSible, because of the marten
sitic transformation, but is can be assumed that at a 
less than 22% nickel content regions of magnetic polar
izations are produced in turn around the ferromagnetic 
centers even in an antiferromagnetic (or paramagnetic) 
matrix. Then du/ dO, takes the form [15] 

(dcr/d0.) ,=0 0486C (i-C) [M,+Jfh ] 2, (7) 

where C is the concentration of the magnetic-polariza
tion clouds, M; is the 3d-moment at the center of the 
cloud and follows the usual 3-formfactor, and Mh is the 
moment induced in the matrix with formfactor j = (1 
+")t -2S2)-1. 

A simultaneous solution of Eq. (7) and the relation 
/1 = C(M; +Mh), which is satisfied at small C in the ab
sence of overlap of the polarization clouds, makes it 
possible to determine C and the average magnetic mo
ment M; +lHh per cloud. [16] From the values of du/d~/' 
in Table 1 and the values of /1 from the paper of Crangle 
and Hallam(13] we obtain for an alloy with 32% Ni at 
4.2°Kthevalues C=7.2% and M; +111h =20.8 I1B' 

Such a value of C indicates that the magnetic polar
ization regions overlap strongly. Therefore the non
linear overlap effects make the foregOing analysis of 
the scattering only approximate for an alloy with 32% 
Ni. Concentration of clusters with values of N from 7 
to 12, calculated from formula (5) is 4%. It is possible 
that such formations, containing 7-12 nickel atoms in 
the nearest environment of the Fe atom, are indeed the 
embryos of the ferromagnetism in alloys containing 
about 20% Ni, as suggested by Window. [17] 

It appears that the magnetic-polarization clouds in 
Invars differ physically from the polarization clouds in 
Pd-Fe or Pd-Co alloys, [15] and are closer in character 
to the clusters observed in alloys based on nickel, [16,18,19] 
where the onset of ferromagnetism in a paramagnetic 
matrix is due to the composition of the cluster, that is, 
to the number of Ni atoms in the nearest surrounding of 
the Fe atom .. In Invars, the ferromagnetic clouds can 
appear also in an antiferromagnetic matrix, and the 
concentration and average moment per cloud can be 
altered by annealing and deformation, inasmuch as 
atomic ordering of the Ni3Fe type is observed in these 
alloys. [5] 

4. Long-range antijerromagnetic order. The overlap 
of the regions of magnetic polarization should preclude 
the existence of long-range antiferromagnetic order in 
the investigated alloys. Figure 3 shows neutron diffrac
tion patterns of a single crystal with 35% Ni, obtained 
at 4.2 and 300 OK. It is seen that within the limits of 
the statistical measurement error the diffraction pat
terns coincide for both temperatures. The statistical 
error of the background is decreased to 1% in the re
peated measurements. Attention is called to the ab
sence of reflections at angles 28<25° in the (110) direc-
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TABLE 2. 

T. F 

4.2 
:7JO.) 

I~·~,lrl.~(::!::!,)'). 
i r (200) . I 1::~'1l1 • 0 

\ O.I~±O .. OI 
O.~l=O.Ol 

I 0.17=".111 
0.1i'=(1,(1\ 

tion. This means that the long-range antiferromagnetic 
order proposed by Dubinin et al. (4] does not take place 
in the alloy. 

The neutron diffraction patterns contain the reflec
tions A/2 (200) and .\/2 (220), due to the presence of 
neutrons of wavelength X/2 in the spectrum, and coin
ciding with the positions of the antiferromagnetic re
flections of y-Fe. (1] Table 2 gives the ratios of inte
grated intensities of the corresponding reflections as 
functions of the temperature without allowance for ex
tinction. It is seen from Table 2 that the ratio of the 
integrated intensities remains unchanged and is equal 
to the contribution of the A/2 component to the intensity 
of the incident beam. (20] Estimates of the sensitivity in 
the determination of the volume fractions of the anti
ferromagnetic phases (1-4] do not exceed 2%. [21] 

The results lead to the conclusion that (within the 
sensitivity limits indicated above) there is no long-range 
antiferromagnetic order in a classical Invar, a fact 
supported by the estimates of c in Table 1. However, 
if the Fe atoms at the centers of the perturbation re
gions have a magnetic moment oriented opposite to the 
moment of the surrounding atoms, (14] then a short
range antiferromagnetic order is produced, but is dif
ficult to observe at the nonmagnetic Fe atom concen
trations given in Table 1. 

5. Temperature dependences. Figure 4a shows the 
cross sections for small-angle scattering of neutrons 
by an alloy with 32% Ni, measured at various tempera
tures. Analogous cross sections were obtained for all 
alloys at temperatures up to T /T c = 0.95. A charac
teristic feature of the cross sections is their growth 
with increasing temperature. Inasmuch as the scat
tering surface connected with the spin-wave effects ex-
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FIG. 3. Neutron diffraction patterns of a single crystal with 
35% Ni. Directions: a- <tOO), b-<tlO); 0-4.2 OK, x-
300 OK. 
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FIG. 4. a) Cross sections of small-angle magnetic scattering 
of neutrons by alloy with 32% Ni: 1 - 4.2 K, 2 - 77 K, 3 -
90 K, 4 - 293 K; b) dependence of (du/dOr 1/2 on 52. 

pands with increasing temperature and begins to inter
sect the observation angle, it is necessary to estimate 
the critical value 5er for different temperatures. As
suming that the magnetic elasticity constant varies like 
D=Do(1-T/TY/3, (22] the value of 5er estimated in 
analogy with(7] ranges from 0,04 to O. 11 }.-1 in the in
vestigated temperature interval for all the alloys. The 
experimental pOints at 5 "" 0.1 }.-1 will therefore be dis
regarded from now on. We note that the scattering 
cross sections at these values of 5 increase more 
slowly than the cross sections at 5 "" 0.1 A·1 with rising 
temperature, and the corresponding points fit better the 
straight line on Fig. 4b. 

In all the temperature measurements, the dependence 
of du/ d~~ on 5 is described by the Lorentzian (3), and 
the solid curves in Fig. 4a were calculated from the 
values of (du/dn)o and x from Fig. 4b. The tempera
ture-induced changes in the values of x and (duT/duO)1/2, 
where dUT and duo are the cross sections at 5 =0 for 
T °Kand 0 OK, respectively, are shown in Figs. 5 and 6. 

It is seen from Fig. 5 that the theoretically pre
dicted(10] relation )( =B(T c - T)2/3 holds for all the al
loys. If it is assumed that this relation holds also for 
T > T c, then the temperatures at which x = 0 vary lin
early from 730 to 790 OK when the Ni concentration 
changes respectively from 40 to 32%. In turn, if a 
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FIG. 5. Temperature depen
dences of >(: x - 40% Ni, 
e - 38% Ni; 0 - 36% Ni, 
I> - 35% Ni, • - 34% Ni, 
0- 32% Ni. 
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FIG. 6. Temperature dependences 
of the relative values of the scat
tering cross sections (duTI duo)' /2: 

o - 32% Ni, • - 34% Ni, A - 35% Ni, 
o - 36% Ni, 0 - 38% Ni. 

similar dependence of ;{ is assumed for alloys with 
y <32%, then linear extrapolation of the data from Fig. 
2a to the values at ;{ = 0 yields Yo = 20%, that is, a quan
tity close to nickel content in alloys in which presum
ably ferromagnetism sets in at T = 0 0 K in the y phase 
of the Fe-Ni system. 

The temperature dependence of (du/ dn)o reflects the 
change of the dynamic magnetic inhomogeneities in the 
ferromagnetic system. Starting from the model of 
magnetic inhomogeneity described above, the investi
gated alloys can be regarded as system with magnetic 
atoms in a ferromagnetic matrix. The influence of the 
nonmagnetic impurity was investigated by Lovesey and 
Marshall, [10,23) using the Heisenberg model in the 
molecular-field approximation. The experimental re
sults given in Fig. 6 agree well with the calculated 
dli/de temperature dependences. (10) The growth of the 
cross sections with increasing temperature is due to 
the increase of the range of influence of the impurity on 
the magnetization in the alloy, thereby enhancing the 
dynamic inhomogeneity of the ferromagnet. 

The temperature dependences in Fig. 6 show that the 
larger the statistical inhomogeneities in the alloy, the 
lower the temperatures at which the growth of the num
ber of dynamic inhomogeneities begins. The "law of 
corresponding states" is therefore not satisfied in In
var alloys. [13) In addition, the temperature dependences 
for alloys with 32-35% Ni, shown in Fig. 6, agree bet
ter with the curves calculated with allowance for anti
ferromagnetic pairing of the magnetic moments of the 
matrix atoms in indirect exchange of the interaction 
via the impurity. [23) Thus, the model of the magnetic 
inhomogeneity does not exclude the possibility of the 
presence, in Invar alloys, of short-range antiferro
magnetic order of pure exchange origin, proposed by 
Kondorskil and Sedov. [24) 

It follows also from Fig. 6 that at T /T c > O. 8 the 
quantity M/Mo, where Mo corresponds to T = 0 OK, ap
proaches a singularity like (T c - T)-V with values of !J 

from 0.3 to 0.5 when the Ni concentration changes re
spectively from 32 to 40%. The deviation from the pre
dicted value v = 1, [10) is apparently due to the already 
mentioned Singularities in the temperature dependence 
of the saturation magnetization of Invar alloys. 

174 Sov. Phys.-JETP, Vol. 43, No.1, January 1976 

3. CONCLUSION 
As a result of a study of magnetic diffuse scattering 

of neutrons in Invars, static magnetic inhomogeneities 
were observed at T = 0 0 K. The scattering cross sec
tion is satisfactorily described with the aid of a model 
of regions with decreased values of the magnetic mo
ments around the nonmagnetic atoms in the ferromag
netic matrix or a model of regions of magnetic polar
ization. Both models exclude the coexistence of long
range ferromagnetic and antiferromagnetic orders in 
the investigated alloys, but admit of the onset of short
range antiferromagnetic order in the ferromagnetic 
matrix. Neutron diffraction at 4.2 OK has confirmed 
the absence of long-range antiferromagnetic order in 
classical Invars. The temperature dependences of the 
scattering cross-sections agree well with the descrip
tion of neutron scattering by a ferromagnetic system 
with nonmagnetic impurity, in which a dynamic mag
netic inhomogeneity is produced. For alloys with 32-
35% Ni, the temperature dependence of the cross sec
tions admit of the onset of short-range antiferromag
netic order as a result of indirect exchange interaction 
via a nonmagnetic impurity. 
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