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A region of quasi-homogeneous magnetization in ferromagnets near the temperature of the second-order 
phase transition in a zero external field is observed by the polarized-neutron technique. The domain 
formation temperature Td is determined from the change of the spectral dependence of the depolarization 
of neutrons traversing the sample with temperature and from the maximal value of the derivative of the 
polarization with respect to temperature oPjoT on the P( T) curve. The Curie point Tc is found on the 
basis of the appearance of a magnetic moment in the sample. The value of Td is about 0.1-3° below Te. 
depending on the type of the magnetic substance. The quasi-homogeneous magnetization region exists in 
the Td < T$. Tc temperature range. 

PACS numbers: 75.25.+z. 75.30.Jy 

It is known that critical fluctuations of the magneti
zation take place in ferromagnets near the phase-transi
tion temperature T c. These are regions of correlated 
atomic spins, the dimensions and magnetizations of 
which depend on the proximity to the Curie point Tc , 
i.e., on the quantity T = I T - Tc I/Tc. With increasing 
temperature, however, at T> Tc , the fluctuations 
vanish and the sample goes over into the ordinary para
magnetic state. At T < Tc , with decreasing tempera
ture, domains are produced in the sample after the on
set of the spontaneous magnetization. The domain struc
ture of the ferromagnets is due to the presence of mag
netic or dipole-dipole forces and is determined mainly 
by the magnetization, anisotropy, and geometry of the 
sample. 

The available data(1,2] indicate that domains exist 
also in the immediate vicinity of the Curie point. De
spite the fact that the magnitude of the spontaneous 
magnetization changes strongly as T - Tc, the domain 
structure in the sample depends little on the tempera
ture. It is particularly difficult to investigate the criti
cal region T ~ 1O-3-1O-S, where the processes of great
est interest for the study of phase transitions take 
place. The equilibrium thermodynamic properties of 
magnets near Tc are expressed in the form of func
tions of T. The question of the exact determination of 
the Curie temperature is therefore of fundamental sig
nificance. Yet the known experimental methods of de
termining Tc have significant shortcomings. 

The classical magnetic methods of determining the 
Curie point are not accurate enough and as a rule de
pend on the method of extrapolating the quantities me as -
ured in a finite magnetic field to a zero external field. 
In those methods where Tc is determined from the 
Singularities of the behavior of the thermodynamic 
properties of the magnetp] the anomalies of these 
properties can appear more strongly at the domain
formation temperature than at Tc' If Tc and Td are 
close, these methods are unable to reveal the singulari
ties of the phase transition at the Curie pOint itself. In 
addition the external magnetic field influences the 
nature of the phase transition. The method of polarized 
neutrons is free of the foregoing shortcomings. 

This paper is devoted to a study of phenomena near a 
second-order phase transition. We investigated the on
set of an ordered magnetic state in ferromagnets, and 
domain formation in a sample in a zero external field. 
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We have used for this purpose the latest advances in the 
polarized-neutron procedure. 

EXPERIMENT 

The polarized-neutron method consists of studying 
the behavior of the polarization vector of the neutrons 
passing through the ferromagnet, as a function of the 
sample temperature. The passage of a beam of polar
ized neutrons through ferromagnetic media has been 
sufficiently well studied theoretically. In the experi
ment it is necessary to distinguish between the proces
ses of rotation of the polarization and the decrease of 
its length, i.e., depolarization. For an experimental ob
servation of the state of magnetization of the sample, 
two essentially new devices were added to the previously 
developed polarized-neutron setup: 1) a device for the 
analysiS of all three projections of the polarization vec
tor; 2) monochromators for a simultaneous measure
ment of the polarization of the neutrons with different 
wavelengths. 

The general arrangement of the setup and the tasks 
of its main units are shown in Fig. 1. Thermal-spec
trum polarized with wavelengths A ~ .\ep (.\ep is the 
end-point wavelength in the neutron spectrum and cor
responds to the critical angle of reflection from the 
mirror) were obtained by reflection from a magnetic 
mirror. 

The polarizer and analyzer mirrors were 440 mm 
long. They were prepared by evaporating a Co Fe (50%) 
alloy on polished glass, with an intermediate sublayer 
of a titanium-gadolinium alloy. The thickness of the 
Ti + Gd sublayer was ~ 1 /J., thus ensuring total absorp
tion of the neutrons not reflected from the CoFe ferro
magnetic film. These mirrors made it possible to ob
tain a polarized beam of neutrons (.\ ~ 4 A) with polari
zation Po ~ 9&7'0. 

1. Analysis of the Projections of the Neutron-Beam 
Polarization Vector 

The unit for the measurement of the polarization
vector projections operates on the principle of nonadia
batic introduction of the neutron spin into a system of 
mutually-perpendicular magnetic fields directed along 
the coordinate axes. The non-adiabaticity condition 
K = wL/wo« 1 at K = 0.1 is satisfied with 1% accuracy. 
Here WL = gH is the spin Larmor-precession frequency 
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FIG. I. Setup with polarized neutrons for the study of phase transi
tions in ferromagnets: I-reactor, 2-polarizing mirror, 3-system of 
solenoids for the orientation of the polarization vector at the entrance 
in the sample, 4-thermostat with sample, 5-setup for the measurement 
of the polarization-vector projections, 6-neutron spin flipper, 7-
analyzing mirror, 8-monochromator crystals, 9-monochromatic-beam 
detectors, IO-detector for the mirror beam remaining after the mono
chromator, II-magnetic screens. 

in the field H, g is the neutron gyromagnetic ratio, and 
Wo is the frequency of rotation of the magnetic field in 
terms of the coordinates of the moving neutrons. The 
method for the analysis of the projections was developed 
by Okorokov and co-workers in our laboratory P,6] One 
of the variants of the analyzing apparatus was used in 
the setup and its diagram is shown in Fig. 2. The field 
of the solenoid Hz was turned on for the measurement 
of the projection Pz, and the field of the magnet H was 
additionally turned on to measure the two other projec
tions Px and Py. The field in the magnet was set in 
succession along the axes x and y by rotating the mag
net about its own axis z. The projections were meas
ured with 3% accuracy. The entire setup together with 
the sample were carefully screened against the mag
netic fields of the apparatus. The direction of the inci
dent-neutron polarization vector was set with the aid of 
an analogous arrangement. Measurement of the three 
components of the polarization vector makes it possible 
to distinguish between rotation and depolarization and to 
measure in some cases the magnetization of the sample. 

2. Spectral Analysis of Neutron Polarization 

The setup with ferromagnetic mirrors produce a 
continuous spectrum of polarized neutrons. To separate 
monochromatic lines from the spectrum, three mono
chromator crystals of pyrolytic graphite were placed 
in the neutron path in tandem past the analyzer mirror. 
The neutrons reflected from each crystal entered a 
separate detector and the produced pulses were regis
tered by a multichannel setup. Using the different spec
tral dependence of the neutron depolarization, one can 
determine the magnetic structure of the sample, the 
dimenSions of the magnetic inhomogeneities, and the 
values of their magnetization. 

t?s;, . 
o L z 

FIG. 2. Diagram of setup for the measurements of the projections of 
the polarization vector and magnetic-field configuration in the setup: 
I-pole pieces, 2-yoke of electromagnet, 3-variable-cross-section 
solenoid with field Hz = Ho sin (1fz/2L), 4- electromagnet winding; 
Hx,y = Ho cos (1fz/2L). 
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We used in the present study simultaneously three 
neutron wavelengths: ;\.1 = 3.20 ± 0.06A,;\.2 = 4.00 
± O.OBA, and ;\.3 = 4.8 ± 0.1 A. 

The investigated samples were placed in a vacuum 
oven that contained no magnetic materials. The ex
ternal magnetic field at the sample location was less 
than 0.01 Oe, and the temperature was maintained 
stable during the measurements within O.Ol°C. 

~. Measurement Results 

The first measurement object was a nickel sample, 
cut from a single crystal, in the form of a ring 6 mm 
thick and with inside and outside diameters 15 and 22 
mm. 

Figure 3 shows the geometry of the experiment and 
the temperature dependence of the components Pz of 
the polarization vector of the neutrons passing through 
the sample, whereas the polarization vector of the inci
dent neutrons was oriented in succession along the 
three directions x (,cPO), y (yPO), and z (zPO). The plane 
of the ring coincided with a crystallographic plane of 
the (100) type. It is known that the easy magnetization 
direction [111 J in the Ni crystal makes angles 55° with 
the [100J directions. The polarization vector of the neu
trons incident on the target was approximately oriented 
along directions of the [lOOJ type and consequently made 
a rather large angle, close to 1T/2, with the easy-mag
netization axis. It follows from the foregoing data that 
when the sample temperature is lowered a spontaneous 
magnetization is produced in the sample and causes 
rotation of the polarization vector. The instant when 
magnetization appears in the sample is particularly 
clearly revealed by the rotation of the vector yPO 
towards the z axis and by the subsequent appreciable 
growth of its projection yPZ in the temperature interval 
~T ~ 0.15°C as a result of the rotation. With further 
decrease of temperature, the principal role in the 
change of the polarization vectors is assumed by de
polarization. The de?olarization process becomes pos
sible when a random domain structure is produced in 
the sample. It is obvious that in this experiment the 
behavior of the polarization vector was strongly influ
enced by the closed shape of the sample and by the 
mutual orientation of the directions of the easy magneti
zation and the polarization vectors. 

The results of the experiment show that when T c is 
approached from the high-temperature side the spon
taneous magnetization in the sample is observed before 
any noticeable depolarization zPz is revealed. The 
critical fluctuations near Tc depolarize the beam 
weakly. The reason is that the effective magnetization 

FIG. 3. Dependence of the 
projection of the polarization 
vector Pz on the temperature for 
neutrons with A = 4 A, passing 
through an annular Ni single 
crystal. The vector of the polar
ization ahead of the sample was 
oriented in succession along the 
coordinate axes x, y, and z. The 
abscissas in this and succeeding 
figures represent the temperature 
as measured with a copper-con
stantan thermocouple (the 
thermoelectric power). 
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of the fluctuations, which acts on the neutron spin, is 
small on account of the rapidly decreasing distribution 
of the magnetization within the limits of the fluctuations. 
According to the estimates of Maleev and Ruban,l71 the 
critical depolarization of the neutrons is ~P'::' 1%. 

The results of a second variant of an experiment with 
nickel are shown in Fig. 4. In this case the polarization 
vector was oriented arbitrarily prior to passing through 
the sample, and its three projections Px, Py, and Pz 
were measured after emerging from the sample. The 
sample was likewise in a zero magnetic field (H < 0.01 
Oe, and the neutron wavelength was X = 2.78 A. The 
projections of the polarization vector of the incident 
neutrons correspond to the values indicated in Fig. 4 at 
a temperature T » T c. The onset of magnetization in 
the sample is revealed by the increase of the projection 
Py . The behavior of all the prOjections of the polariza
tion vector, particularly the large negative value of Px , 
offer evidence of rotation of the polarization vector 
through large angles (~1T/2), and by the same token of 
the existence in the sample of magnetization regions 
with dimensions of several millimeters, of the type of 
magnetization modes. Figure 4 shows also the variation 
of the absolute magnitude of the polarization vector with 
temperature. It is seen from these relations that the 
abrupt depolarization and the large changes in the 
values of the polarization-vector projections occur at 
a lower temperature than the onset of the magnetization. 

The rotation of the polarization vector is thus ob
served in these experiments at a temperature higher 
than the appreciable depolarization of the beam. 

In the second series of analogous experiments we 
obtained the results obtained in Fig. 5 for a uniaxial 
ferrimagnet-hexagonal barium ferrite (BaFe12019)' The 
Curie point of this ferrite is Tc = 723°K, and the direc
tion of the easy magnetization coincides with the hexa
gonal c axis. At room temperature the saturation mag
netization is 41TM = 4775 G, and the anisotropy field is 
HA;:;:J 17 kOePl We used a single-crystal ferrite meas
uring 5 x 6 x 4 mm. We measured the polarization of 
the transmitted beam as a function of the temperature 
for two directions of the polarization vector of the inci
dent neutrons. The geometry of the experiment is shown 
likewise in Fig. 5. In the first case, the polarization 
vector ahead of the sample, zPO, coincided within 
several per cent with the anisotropy axis of the sample, 
which was directed along the coordinate axis z, and we 
measured its projection zPz on the z axis after pass
ing through the sample. In the second case the polariza-
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FIG. 4. Temperature dependence of the projections and of the ab
solute magnitude of the polarization vector for neutrons with A = 
2.78 A after passing through an annular Ni single crystal. 
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FIG. 5. Temperature dependences of the projections yPy and zPz 
after passage of neutrons with A = 2.78 A through a barium hexa
ferrite single crystal. 

tion vector yPO of the incident neutrons was perpendicu
lar to the c axis and we measured its projection yPy. 
In the phase-transition region, the projection lPy drops 
abruptly to zero, and zPz decreases by only 5% and re
tains its value up to room temperature. This means 
that the spontaneous magnetization in the sample be
comes aligned along the c axis. The small value of the 
depolarization of zPz in the region T < Tc can be at
tributed to irregularities in the magnetic structure and 
to depolarization on the domain walls. The rise (3%) in 
the value of yPy prior to the abrupt fall-off and the dip 
in zPx are obviously connected with the fact that the 
vectors zPO and yPO are not excactly aligned with the 
axes z and y. The spontaneous magnetization produced 
in the sample by rotating the polarization vector changes 
the projections of these vectors in the manner indicated 
above. 

Thus, we have observed in this experiment the onset 
of spontaneous magnetization in a sample at a tempera
ture higher than that corresponding to the start of a sub
stantial depolarization of the neutrons. 

The subsequent measurements were made on a poly
crystalline yttrium iron garnet (YIG). It is of interest 
to compare the determination of Tc by the magnetic 
method with experiments on depolarization. Figures 6 
and 7 show the results of a simultaneous measurement, 
on one sample, of the magnetic moment induced by the 
external field, and of the depolarization of neutrons of 
three wavelengths as functions of the temperature at 
H = O. It is seen from the figures that the maximum of 
a plaT corresponds approximately to the point where 
the M(T) curve has a kink as H - O. In the same tem
perature region one observes a change in the spectral 
dependence of the neutron depolarization, due to the 
corresponding realignment of the magnetic structure of 
the sample. In the lower part of Fig. 7 is shown the 
temperature dependence of the exponent n in the equa
tion In (pi Po) ~ ~n for the depolarization as a function 
of the neutron wavelength. This question will be dis
cussed in greater detail later on. 

Figure 8 shows the results of a simultaneous meas
urement of the temperature dependences of the depolari
zation of the transmitted beam and of the intensity of 
the neutrons scattered through an angle 8 = 10', for 
single-crystal nickel. The neutrons scattered by the 
sample through an angle 8 = 10' were passed through 
the analyzer mirror and registered by a separate de
tector. The polarization of the transmitted neutrons 
was analyzed by an analyzer mirror. These neutrons 
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FIG. 6. Temperature dependence of the magnetic moment M of the 
iron-yttrium iron garnet near the phase transition. The numbers on the 
curves indicate the values of the external field H (in Oe). The arrows 
indicate the temperature Tt(H) at which the M(T) curve has a kink. 

FIG. 7. Temperature dependence of the depolarization of neutrons 
with various wavelengths for an iron-yttrium iron garnet in a field H = 0, 
and values of the exponent n in the formula In (P/Po) ~ An. The value 
of n was detennined accurate to 10%. The arrow indicates the tempera
ture at which pP/pt has a maximum. 
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FIG. 8. Temperature dependence of the depolarization of the neu
trons (of wavelength A) in single-crystal Ni, and scattering intensity N of 
neutrons with Aep;;' 3 A through an angle 8 = 10' in the absence of an 
external field. 

were then reflected from the monochromator crystals 
and registered by detectors. The observed peak of the 
scattered neutrons cOincides in temperature with the 
start of the depolarization. 

DISCUSSION OF RESULTS 

The Curie point corresponds to the temperature at 
which spontaneous magnetization sets in the sample. 
Therefore the start of the rotation of the polarization 
vector about the spontaneous magnetization, which was 
observed in our experiment, must indeed be taken to be 
the Curie point. Estimates show that with the aid of 
polarized neutrons with A i'Z 5 A. it is possible to ob
serve a magnetization on the order of 0.1 G. It is im
portant that such a magnetization was observed in a 
sample situated in a zero magnetic field. 
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From the results of measurements on nickel (Figs. 
3 and 4) and barium bexaferrite (Fig. 5) we can single 
out a temperature region in which an abrupt change of 
polarization takes place. This change is connected witb 
the rotation of the polarization vector and the subse
quent decrease of its length on account of the depolari
zation. As the temperature is lowered, the role of the 
depolarization process increases, and consequently the 
polarization of the neutron beam decreases in final 
analysis to zero. Thus, as Tc is approached from the 
paramagnetic region, a state close to homogeneous 
magnetization is produced in the sample and causes 
large-angle rotation of the polarization vector. This is 
followed by the breakup of the quasi homogeneous mag
netization into regions with dimensions comparable with 
the sample dimensions. The number of such regions in 
this temperature interval should be small. The orienta
tion of the magnetization in the regions and the dimen
sions of these regions are such that the sample bas a 
resultant magnetic moment in some direction. We ob
serve here both rotation of the polarization vector, ow
ing to the presence of an effective moment of the struc
ture, and a depolarization of the beam in individual re
gions and at their boundaries. With further decrease of 
the temperature, the dimensions of the regions of spon
taneous magnetization decrease, and domains with 
Bloch walls are produced in tbe sample. Such a state of 
the sample causes depolarization of the neutron beam to 
a zero value. 

The described process is accompa,nied by a continu
ous growth of the spontaneous magnetization as the tem
perature is lowered. Inasmuch as the intensity of the 
critical fluctuations of the magnetization decreases with 
increaSing distance from Tc , the neutron depolarization 
observed after the onset of the magnetization must be 
ascribed to the development of the domain-formation 
process. The temperature interval AT from the instant 
of the onset of spontaneous magnetization to the start of 
domain formation is different for different substances 
and depends both on the kind of magnet and apparently 
also on the value of the saturation magnetization. It fol
lows from Fig. 3 that for nickel tbe value is AT i'Z 0.10 
and for the barium ferrite AT i'Z 3° (Fig. 5). The depend
ence of AT on the saturation magnetization was observed 
earlier(9j for PdFe alloys with different iron-atom con
centrations. 

On Fig. 5, in the case of uniaxial barium ferrite, it 
is possible to determine from the behavior of the pro
jection zPz the temperature at which a domain struc
ture is formed in the sample. This temperature corre
sponds to the flattening of the plot of the projection 
zPz, wbich remains subsequently constant up to room 
temperatures. According to powder-pattern investiga
tions, the domain magnetization of hexagonal ferrites 
(magnetoplumbites)( 10, 11] has a preferred direction along 
the anisotropy axis [001]. In such a structure we can 
have a resonant behavior of the polarization vector in 
the case when P 1 M, (12] or rotation of P about the ef
fective moment of the structure. These conclusions are 
confirmed by the behavior of the polarization vectors 
shown in Fig. 5. 

In the case of polycrystalline samples having an iso
tropic magnetic structure, the polarized-neutron pro
cedure is inapplicable in practice in its most sensitive 
part that is connected with large-angle rotation of the 
polarization vector about the macroscopic magnetic 
moment of the sample. In this case, the main observa-
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ble process is depolarization on the domain structure 
of the sample. This process was considered theoretic
ally by Halpern and Holstein[13l. In the case of randomly 
oriented domains, the neutron depolarization is deter
mined in terms of the average rotation angle of the 
polarization vector in one domain, a = (ai) = gBT: 

-.!... = [ 1 +2(cos a;) ] N (1) 
p,. 3 ' 

where N = I) 0 is the number of domains in the path of 
the neutron beam, L is the thickness of the sample, 0 
is the average dimension of the domain, T = 0/ v is the 
time of flight of the neutron through one domain, v is the 
neutron velocity, and B is the average induction in the 
domain. It was assumed here[13] that the induction field 
B = 41TM acting on the neutron is homogeneous, and the 
demagnetization field was disregarded. As shown by 
Maleev and Ruban,P] allowance for the latter leads to a 
dependence of the magnitude of the depolarization on the 
orientation of the vector Po relative to the neutron
velocity vector v. For small domains, when ai « 1, 
we obtain from (1) the well known formula 

;, =exp{-+g'B,6v:}' (2) 

and at a ~ 1, when ( cos a) = 0, another relation holds: 

(3 ) 

In these formulas P is the polarization of the beam af
ter passing through the sample, Po is the polarization 
of the incident beam, and g is the gyro magnetic ratio 
for the neutron. 

The dependence of the depolarization on the neutron 
wavelength was used by us to study the magnetic state 
of a sample with the aid of neutrons of three different 
wavelengths (.\1 = 3.2, .\2 = 4.0, and .\s = 4.8A). It fol
lows from (2) that In (p/Po) ex: .\n, where n = 2 in the 
case of randomly oriented domains of small dimensions. 
A change in the magnetic structure of the sample upsets 
this relation, and causes a change in the exponent n. 
The function n(T) was determined from the three 
P(T, .\) curves (Fig. 7), and the abrupt change of this 
dependence yields the temperature region in which do
mains are formed in the sample. At a polarization 
measurement accuracy ~P = ±1% and at a crystal en
ergy resolution ~.\/.\ ~ 2%, we obtain the value of n 
with accuracy IIJlh. 

Woitowicz and Rayl,lH] using the molecular-field ap
proximation, considered theoretically the phase transi
tion of an isotropic ferromagnet in an external magnetic 
field. In contrast to the transition in zero field, when 
an ordered state is produced in the spin system, the 
phase transition in an external field is connected with 
the change in the type of ordering. The transition tem
perature Tt(H) separates two magnetization states. At 
T> Tt{H) the sample is homogeneously magnetized, and 
the region T < TdH) corresponds to a state with in
homogeneous magnetization. At the transition point it
self T = Tt(H), the saturation magnetization of the sam
ple in an external field H is equal to H/ D, where D is 
the demagnetizing factor of the sample. At this temper
ature the magnetization curve M(T) as a sharp kink 
point.[15] Woitowicz and Rayl obtained the relation 

(4) 

where H < Mo and Mo is the magnetization at T = OUK. 
This study served as theoretical confirmation of the 
known experimental method of determining Ms(T) and 
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Tc. With the aid of formula (4) extrapolated to a zero 
external field one obtainS the value of T c. The method 
makes it possible to determine also the critical expon
ents (3, y, and 0 of static Similarity theory. 

Figure 9 shows the temperature Tt (0) obtained from 
the results of magnetic measurements (Fig. 6) by the 
method indicated above. Tt(O) was identified in this 
method with the Curie point. The value of TdO) (within 
the limits of experimental error) coincides on the de
polarization curve of Fig. 7 with the temperature at 
which the derivative a p/aT has a maximum. 

At the same temperature, an abrupt change is ob
served in the values of n in the spectral dependence of 
the depolarization In (p/Po) ex; .\n. At the kink point on 
the P(t) curve, where the derivative aP/aT is maximal, 
a change takes place in the mechanism whereby the ob
served prOjection of the polarization vector is decreased. 
Above the kink point, the main mechanism is the rota
tion of P through relatively large angles. According to 
Halpern and Holstein, the behavior of the polarization is 
described in this case by formula (3). Below this point, 
depolarization is produced by small rotations of P in 
the field of the random domains. From an examination 
of the results on Figs. 6, 7, and 9, we can conclude that 
the temperature at which aP/aT has a maximum and 
which is defined in accord by the described method as 
the Curie point, is in fact the domain-formation temper
ature Td = Tt(O) at H = O. The true value of Tc , cor
responding to the onset of spontaneous magnetization in 
the sample, lies above Td; on the P(T) curve this is the 
very start of the drop in polarization. 

Similar data are contained in[l6], in which simultane
ous measurements were made of the depolarization 
P(T, H) of a neutron beam passing through a nickel 
sample, and of the magnetic moment M(T, H) induced in 
the sample by a field H. It follows from Fig. 1 Of[16] 
that the kink pOints of the M(T) curves at different 
values of H, corresponding to the temperature TdH), 
coincide with the temperature at which the derivative of 
the polarization with respect to temperature ap/aT is 
maximal. This temperature characterizes the transition 
of the system into an inhomogeneous state in the pres
ence of an external field. With increasing field, the 
value of Tt(H) shifts towards lower temperatures. 
Consequently, in a strong field the transition into a 
state with inhomogeneous magnetization occurs at a 
lower temperature. This explains the shift of the polari
zation curves P(T, H) measured in different magnetic 
fields for neutrons with .\ ~ 4 A, which are given in[4] 
on Fig. 5. If we introduce the temperature Tt(H) at 
which a P/at is maximal, then it has a quadratic depend
ence on H (Fig. 2 Of[17]): 

T,(H) =T, (0) -a;'H', 

where 0/ = (2.3 ± 0.3) x 10-3 deg/Oe2• This confirms 
the theoretical relation (4) given in[14]. It is obvious 
that the temperature TdH) introduced in this manner 
characterizes the formation of domains in the sample. 
The maxima of neutron scattering through an angle 
f) = 34', corresponding to this temperature and shown 
in Fig. Ib of[l7], are possibly due to the domain-forma
tion process, and not only to critical fluctuations. 
Extrapolation of the H2(Tt) plot to a zero external field 
in accordance with the kink of the magnetization curve 
(the kink method ofPS ]) probably also yields the temper
ature Tt{O) of the transition to an inhomogeneous mag-
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FIG. 9. Determination of the phase-transition 
temperature from magnetic measurements (Fig. 
6) by extrapolation of the H2(Tt} dependence. 

netic phase in a zero field, and not the true value of the 
Curie temperature. 

In our earlier paper on depolarization[4] we proposed 
to determine the Curie temperature from the maximum 
value of the derivative aP/aT on the P(T) curve. It was 
assumed that the start of the depolarization in the high
temperature region is connected with the onset of fluc
tuations of the magnetization, and that the low-tempera
ture part of the depolarization curve was attributed to 
the onset of a ferromagnetic domain state. The kink 
point on the depolarization curve, where the derivative 
aP/aT is maximal, is the only singular point that joins 
these two parts of the curve. The same temperature 
interval included also the observed peak of the small
angle neutron scattering. Without an additional analysis 
of the result it was impossible to explain in greater de
tail the physics of the processes observed at that tem
perature. As follows from the discussed results and 
from[9], the onset of macroscopic magnetic order and 
the domain-formation process can be separated in tem
perature. Since the main contribution to the depolariza
tion is made by the ferromagnetic phase, the maximum 
of ap/aT may not correspond to Tc. Owing to the very 
narrow P(T} curve, the resultant error in the determi
nation of Tc is less than 0.10. The large slope of the 
polarization curve, as shown by the data presented in 
Figs. 3 and 5, is due to rotation of the polarization vec
tor in the sample. The depolarization observed at this 
temperature (p/p o = 0.6-0.7) cannot be attributed to 
critical fluctuations, as shown by Maleev and RubanYI 
Later measurements[lB] of the depolarization of a small
section (0.5 mm2 ) neutron beam passing through differ
ent pOints of a nickel sample have shown that at the 
temperature where a pia T is maximal there is pro
duced in the sample an inhomogeneous magnetization. 
Above this temperature, the beam polarization has 
identical values in the entire cross section of the sam
ple. These experiments confirm our conclusion that in 
the immediate vicinity of Tc ('I'd < T:::: Tc) the sample 
is in nearly-homogeneous magnetization state. In any 
case, the dimensions of the regions where the spontane
ous magnetization is inhomogeneous are commensurate 
with the dimensions of the sample. 

As to the position of the scattering peak, it follows 
from Fig. 8 that its maximum lies more readily at the 
temperature where the depolarization amounts to sev
eral per cent (2-30/0). Inasmuch as for Ni the tempera
tures 'I'd and Tc are close, it is possible that the ob
served scattering is due both to nuclei of the magnetic 
phase ("quasidomains") and to critical fluctuations. It 
is obvious that phenomena analogous to critical should 
occur in the temperature region where intense domain 
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formation takes place. It has not been possible as yet 
to separate these processes in ferro magnets such as 
nickel. The half-width of the observed small-angle 
scattering peak (Fig. 8) is quite large, and the peak 
overlaps the region of domain formation and Tc , It is 
possible that it has a finer structure. 

Results of a simultaneous measurement of the de
polarization of neutrons and absorption of radio fre
quencies in an yttrium iron garnet were reported in[19], 
where the position of the RF absorption maximum was 
ascribed to critical phenomena. However, the neutron 
depolarization observed at that temperature (p/p o 
= 0.5-0.6) was too high to be able to attribute it to 
critical fluctuations. It appears that absorption of radio 
emission is connected also with the domain-formation 
process. 

Thus the improved polarized-neutron procedure of
fers additional possibilities of analyzing the measure
ment results and of their physical interpretation. On the 
basis of the performed measurements it was possible 
to determine more accurately the temperature of the 
onset of magnetic order Tc , to establish the domain
formation temperature Td, and to advance the hypothe
sis that quasi-homogeneous magnetization exists in the 
region 'I'd < T :::: Tc. It is obvious that the methods of 
determining Tc, based on singularities in the behavior 
of the properties of the magnet (resisti vity, the gal vano
magnetic effect, radio-emission absorption, etc.) can be 
connected with domain formation. Knowledge of the 
exact value of the Curie temperature is important for 
the determination of the critical exponents of the static 
Similarity theory, as well as for the observation of the 
region of the influence of the dipole-dipole forces near 
T c and for their study. 
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