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A new neutron-diffraction technique involving post-scattering-polarization analysis is described. The weak 
antiferromagnetic component due to the antisymmetric exchange interaction has been detected in yttrium 
orthoferrite with the aid of the polarization-analysis technique. The experimental value for the magnitude of 
this component is in good agreement with the theoretical value obtained under the assumption that the 
Dzyaloshinskii vector is perpendicular to the plane passing through the two interacting magnetic atoms and 
the intervening oxygen atom. 

INTRODUCTION 

The ~ z ~ a l o s h i n s k i 7 - ~ o r i ~ a  antisymmetric exchange 
interaction 

can give r i se  to not only weak ferromagnetism, but 
also weak antiferromagnetism, i.e. , a small deviation 
from collinearity of the antiferromagnetic sublattices 
without the appearance of a spontaneous moment.' The 
weak antiferromagnetic component practically does not 
manifest itself in magnetic measurements, and can be 
detected only by the neutron-diffraction method. But 
the intensity of the corresponding diffraction peaks, 
which i s  proportional to the square of this component, 
should be very small: usually three-to-four orders of 
magnitude smaller than the intensity of the reflections 
due to the base magnitude structure. The difficulty 
in observing such weak reflections lies in the fact that 
higher-order and multiple reflections, whose inten- 
sities can be 10-100 times higher, a r e  superposed on 
them. Polarization analysis of the scattered neutrons 
in principle allows the separation of weak magnetic 
peaks, but the existing neutron-diffraction technique in- 
volving polarization analysis has such a low luminosity 
that it i s  practicable only on high-flux reactors. In the 
present paper we describe a technique possessing a 
significantly higher luminosity. It has been used to 
search for a weak antiferromagnetic component in yt- 
trium orthoferrite. The obtained result i s  discussed 
in the approximation in which we consider only the in- 
direct exchange interaction between the nearest magne- 
tic ions bound by an intervening anion; in this approxi- 
mation D,, has the form of a vector product of the ra- 
dius vectors of the bonds. 

THE DIFFRACTOMETER 

In magnetic Bragg scattering, the direction of the 
neutron spin may be reversed, or  may remain un- 
changed, depending on the orientation of the atomic 
magnetic moments relative to the neutron-beam- 
polarization vector Po and the scattering vector 

where k, and k a re  the wave vectors of the 
scattered neutrons and d i s  the interplanar spacing. In 
spin-flip scattering only those components S, of the 
atomic magnetic moments which a r e  perpendicular to 
both the scattering and the polarization vectors a r e  
effective. 'r3 The nuclear scattering occurs without spin 
flipping. 

To separate the spin-flip and non-sp5n-flip scattering 
cross  sections, upf and un, respectively, the diffracto- 
meter should have a polarizer , an analyzer, and a spin- 
flipping device (a flipper). The polarization efficiency 
of the apparatus i s  

where P, and Pa a r e  the polarizing powers of the polar- 
izer and the analyzer and y i s  the efficiency of the flip- 
per. Since Po i s  always less  than unity, U, and 
cannot be fully separated, and in measuring, for 
example, us,, we in fact measure 

where the polarization ratio 

Nevertheless, a t  the actually attainable values.of Po 
-0.96-0.98 the contribution of 4,, to u is  50-100 times 
smaller than the contribution when the polarization 
analysis i s  not performed (i.e., whenR,=l). Thus, 
it becomes possible to separate out the weak magnetic 
peaks due to the perpendicular component (S, ) of the 
magnetic moment against the background of strong nu- 
clear peaks o r  magnetic peaks due to the parallel com- 
ponent. 

Figure la shows a schematic drawing of the usual 
diffractometer that allows polarization analysis to be 
carried out. The neutrons a r e  monochromated with the 
aid of a magnetized crystal whose magnetic structure 
amplitude is exactly equal to the nuclear structure ampli- 
tude, so  that the monochromator at the same time per- 
forms the function of a polarizer. As the analyzer, a 
second crystal of the same kind i s  used. Unfortunately, 
crystals with a fairly high polarization efficiency have 
low reflectivities. Thus, the reflection coefficient a t  
the maximum of the 111 diffraction peak of a Heusler- 
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FIG. 1. Schematic diagrams of diffractometers for polariza- 
tion analysis: a) with two crystals; b) with one crystal and a 
neutron guide. The arrows indicate the directions of the mag- 
netic fields along the path of the neutrons. 

alloy (Cu,MnAl) crystal i s  about 6% at a wavelength of 
1 A, which i s  almost ten times smaller than the corre- 
sponding value for the best crystal-monochromators. 
Therefore, the luminosity of such an instrument i s  very 
low: it i s  approximately an order of magnitude smaller 
than the luminosity of a polar ization-nonanalyzing pol- 
arized-neutron diffractometer and two orders of mag- 
nitude smaller than that of an unpolarized-neutron dif- 
fractometer. 

In our diffractometer, one of the crystals was re-  
placed by a high-efficiency polarizing neutron guide5 
with a transmission coefficient close to unity, which 
led to a significant increase in the luminosity. Figure 
l b  shows a schematic drawing of the diffractometer. 
As the polarizer, we use a 5-m neutron guide with an 
8-mm-wide window. The sample is  located in the white 
beam, the neutrons being monochromated after the scat- 
tering by the sample. A Heusler-alloy crystal performs 
the functions of a monochromator and an analyzer. 
The spin flipping i s  effected with the aid of a nonadia- 
batic flipper, which is  a plane layer of current-carrying 
c o n d ~ c t o r s . ~  A 96% polarization, which was primarily 
determined by the polarizing power of the neutron guide, 
was obtained with a flipper current of 4.5 A (Ref. 5). 
A wavelength of A=2.019 A was chosen near the peak 
of the spectrum at the exit of the neutron guide. The 
monochromatic neutron flux after the analyzer was then 
-lo5 neutrons/cm2-sec. 

Formulas have been derived for the resolution and the 
luminosity of the neutron diffractometer by Caglioti.' 
They contain a s  parameters the divergence of the col- 
limators and the mosaic spreads 8, and 8, of the cry- 
stal monochromator and the sample respectively. 
These formulas a r e  valid in our case also if the mono- 
chromator is  mounted after the sample and the follow- 
ing change is  made: is now the mosaic spread of the 
sample and 8, is that of the monochromator. It should 

also be borne in mind that the dispersion parameter 
a=tan8 Jtan8 (8 is  the Bragg angle and O m  i s  the Bragg 
angle of the monochromator) decreases with increasing 
8, in contrast to the standard scheme, for which a 
=tanO/tan@,. As usual, the integrated intensity (L) 
measured in the 28-scans does not depend on 0,  where- 
a s  the integrated w-scan intensity R =R(8). If we take 
account of the fact that the spectral-line with varies 
with 8 in our case, i. e., that R,=R cot8 (Ref. 81, then 
from (7) we obtain the relation 

This dependence, with the parameters U, V, and W 
determined by the method of least squares, was used 
to obtain the true values of the intensity when the mea- 
surements were performed by the o-scan technique. 

CHOICE OF THE OBJECT AND THE EXPERIMENTAL 
CONDITIONS 

Weak antiferromagnetism, like weak ferromagnetism, 
can be related not only with antisymmetric exchange, 
but also with uniaxial anisotropy. The stronger the 
dominant symmetric exchange interaction. 

H.- C J,,s.s,, (7) 
i j  

which leads to the establishment of magnetic order, is, 
the stronger is the antisymmetric interaction. The ani- 
sotropy, on the other hand, does not depend on how strong 
the exchange is. Therefore, it can be expected that 
the antisymmetric interaction is  dominant in crystals 
with high N6el temperatures.' As has been shown:*'0 
it i s  almost entirely responsible for the weak ferro- 
magnetism in the orthoferrites. Besides the small fer- 
romagnetic moments, the symmetry of the orthofer- 
r i tes  admits of weak antiferromagnetism," which also 
should largely be due to the antisymmetric exchange.'* 

Crystals of the orthoferrites RFeO,, where R is a 
rare-earth element o r  yttrium, have the space group 
DiE (Pbnm) and a unit cell containing four formula units. 
For YFeO,, a =  5.2819(2) A,b= 5.5957(5) A,c 
=7.6042(4) A (Ref. 13). (Here and below the experimen- 
tal e r ro rs  a r e  given in brackets. ) The ordering of the 
spins of the four iron atoms, whose positions in the unit 
cell a r e  shown in Fig. 2a, i s  described by the vectors 

2A=SI-Sz-Sz+S,, 2C=S,+Sz-Ss-Sk. 

The components of the vectors F,  G, A, and C belonging 
to the same irreducible representation r, transform in 
identical fashion under the action of the symmetry ele- 
ments of the space groupD:; (Ref. 14). The irredu- 
cible representation r,(G,AJF,) is realized a t  fairly 
high temperatures in the rare-earch orthoferrites and 
at  a l l  T <  T ,  in yttrium orthoferrite. The base anti- 
ferromagnetic component Gx is  directed along the a 
axis; the weak ferromagnetic moment F,, along the 
c axis; and the weak antiferromagnetic component Ay, 
if it exists, should be directed along the b axis. The 
proposed magnetic structure (a "cross" type of struc- 
ture) is shown in Fig. 2b. 

The components G, A, and F correspond to different 
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FIG. 2. a) Unit cell of an orthoferrita The four FeS ions 
and the oxygen ions effecting the bond between the nearest 
neighbors a re  indicated. b) The ordering of the Fe" spins, ac- 
cording to Ref. 11. 

nonoveriapping systems of magnetic diffraction peaks: 
h+k=2n+l; 1=2n+l for G ,  

h+k=2n; 1=2n+l for A, 

h+k=2n; 1=2n for F.  

Since the intensity of the A peaks should be very low, 
it i s  first of all necessary that the strong peaks of nu- 
clear nature be not superposed on them. This con- 
dition is fulfilled for reflections of the 001 (1 =2n+ 1) 
and h01 (h + 1 = 2n + 1) types, since they a r e  forbidden 
by the extinction law. l5 Such reflections can be due 
only to the weak antiferromagnetic component Ay. 

A YFeO, crystal in the form of an octahedral prism 
of height 5 mm and with transverse dimensions -4 mm 
was mounted on a goniometric head in a -0.1-T field 
produced by a permanent magnet. (According to Ume- 
bayachi and 1sikawa,16 saturation sets  in a t  H <  0.01 T 
when the field i s  applied along the weak-ferromagne- 
tism c-axis. ) We measured four reflections of the A 
type: the 201 reflection in a vertical field and the 001, 
003, and 005 reflections in a horizontal field on the 
sample. In both cases the weak-antiferromagnetism 
vector A was perpendicular to the scattering vector T 

and the external magnetic field H, whose direction coin- 
cided to within -2" with that of the field inside the cry- 
stal. The measurement of the polarization acquired in 
the nuclear reflections showed that a depolarization of 
the beam could not have occurred a s  a result of non- 
adiabatic transitions a t  the crystal boundaries, or a s  
a result of the incomplete saturation of the crystal. 

ELIMINATION OF MULTIPLE SCATTERING 

When one of the crystal planes (HKL) is set in the re -  
flecting position (Fig. 3), it may turn out that the Bragg 
condition i s  fulfilled also for some other plane (hkl). 
Even if the HKL reflection i s  forbidden by symmetry, 
there will be observed a t  the corresponding Bragg angle 
(28) a diffraction peak due to double reflections: from 
first the (hkl) and then the (H -h,K -k ,L  - 1 )  planes pro- 
vided these two reflections a r e  allowed. The most in- 
tense double spin-flip processes will occur in those 
cases in which either the first or  second reflection i s  
caused by the base magnetic structure G* (h + k = 2n + 1; 
I = 2 n + 1  or H-h+K-k=2n+ 1; L -1=2n+1).  If the 
first  or  the second reflection is connected with F, or 

FIG. 3. Vector diagram of double scattering. 

Ay , spin-flip scattering can also occur, but the cross 
section for such processes i s  much smaller. Finally, 
because of the incomplete polarization of the neutron 
beam, a small contribution to the spin-flip scattering 
may be made by the double processes in which both 
reflections a r e  nuclear reflections. 

In order to eliminate the double reflections without 
violating the Bragg condition for (HKL), we must ro- 
tate the crystal  about the scattering vector 7, (the angle 
X )  until the parasitic (hkl) si te leaves the Ewald sphere 
(Fig. 3). But because of the finite resolution, the 
double scattering can be fairly intense even when the 
Bragg condition i s  not entirely fulfilled for (hkl) ,  
Therefore, in measuring each A-type reflection, we 
chose that value of the angle x for which the distance 
from the Ewald sphere to the nearest parasitic site was 
maximal. The contribution I , , ( W , , X )  of the double scat- 
tering to the peak intensity Zl(wl) of the A reflection was 
computed in the crudest approximation, i. e.  , in the 
approximation in which A, = 4 = A for all the reciprocal- 
lattice si tes (A, and 4 a r e  respectively the widths of the 
HKL and hkl reflections in the w-scan). The structure 
factors were computed from the general formula (12) 

FIG. 4. Variation of the peak intensity of the 201 reflection, as  
the crystal is rotated about the scattering vector in the case of: 
a) non-spin-flip scattering; b) spin-flip scattering. The solid 
curve is  the computed curve; the dashed line represents the 
background-noise level. The positions and indices of the para- 
sitic sites participating in the double scattering a re  indicated. 
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FIG. 5. Profile of the 201 reflection in the w-scan procedure 
(x= 03 in the case of: a) non-spin-flip scattering; b) spin- 
flip scattering. 

of Ref. 4 with allowance for the incomplete polarisa- 
tion. In Fig. 4 we show together with experimental 
points the computed curve for the peak intensity of the 
201 reflection 

where I, is the background intensity. For x = 0' (the b 
axis lies in the scattering plane) the intensity of the 
double spin-flip scattering is negligibly small, a s  com- 
pared to the intensity of the X-independent single scat- 
tering. The profile Z(w,O) of the 201 reflection is 
shown in Fig. 5. In the case of spin-flip scattering 
the peak has the Gaussian form, which is characteris- 
tic of single reflection, whereas secondary peaks due 
to double processes involving the nearest parasitic sites 
a r e  observed in non-spin-flip scattering. 

ALLOWANCE FOR THE HIGHER ORDERS 

If the neutrons a re  monochromatized with the aid of 
a crystal, then the spectrum contains, besides the prin- 
cipal line with wavelength A,  higher-order harmonics 
(dn) that give nH, nK, and nL reflections superposed on 
the measured HKL reflection. In the orthoferrites the 
even orders,  which coincide with the A-type reflections, 
have a primarily nuclear character. (The weak-fer- 
romagnetism-related-magnetic-scattering admixture is  
insignificant. ) The odd higher-order reflections a re ,  
like the first-order reflection, due to weak antiferro- 
magnetism, and therefore their intensity will be neg- 
ligibly small. 

The spectrum, measured by the time-of-flight method, 
a t  the exit of the neutron guide used in the present in- 
vestigation is  given in Ref. 5. The ratio of the (A/2)- 
and A-neutron fluxes is  equal to 4 x 10"; the actual 
value should be somewhat lower, since the short-wave 
part of the time-of-flight spectrum is  drawn out be- 
cause of poor resolution. Owing to the fact that the 
transmission of the neutron guide falls sharply with 
decreasing wavelength, we need to worry about how to 
decrease the contribution of only the second harmonic. 
Unfortunately, the polarizing power of a Cu,MnAl cry- 
stal for the 222 reflection is not high, still the polariza- 

tion analysis decreases the intensity of the second-order 
parasitic reflections by a considerable factor. If, 
moreover, we take account of the fact that the reflec- 
tivities of the monochromator and the sample decrease 
somewhat with decreasing wavelength, then we can ex- 
pect the second-order reflections to be comparable in 
intensity to the A-type reflections. 

The contribution of the second harmonic to the spin- 
flip scattering was determined with the aid of a filter 
based on samarium, which has a resonance a t  A=O.92 
A. The filter was prepared from a mixture of Sm,O, 
and A1 powders. The attenuation factor was 6 for A 
and, accordingto Hughes etal., " 19for ~ / 2 .  Usingthis 
filter, we measured the intensities of the second-order 
020 and 402 reflections, which coincide in position with 
the first-order 010 and 201 reflections, the first  of 
which is forbidden by symmetry and the second is due 
to weak antiferromagnetism. A comparison of these 
intensities with the computed values yielded ZA ,Jk 
= 5(1) x The contribution of the second orders to 
the measured A-type reflections was then 20-80%. 

DETERMINATION OF THE QUANTITY A, 

The magnitude of the weak antiferromagnetic compon- 
ent can be determined by comparing the intensities of 
the A- and G-type reflections in the spherically-sym- 
metric form-factor appro~imat ion, '~  which is  sufficient 
for the accuracy with which the intensities of the A re- 
flections were measured. (In the best case the relative 
error  was 16%.) The problem is ,  however, complicat- 
ed by the fact that in computing the true G-reflection in- 
tensities we must take account of the extinction, which 
is  insignificant for the weak A reflections. For the nu- 
clear and G reflections, extinction was certainly strong, 
firstly, because of the relatively large crystal dimen- 
sions, which ensured an appreciable A-reflection in- 
tensity and, secondly, because of the long wavelength 
of the neutrons. In the present case the wavelength was 
determined by the parameters of the neutron guide, but 
its decrease was in principle undesirable, since this 
would have resulted in an increase in the probability for 
multiple scattering. 

The integrated intensity of the diffraction peaks was 
computed with allowance for the primary and secondary 
extinctions, using the formulas1g 

I=kQ(i+2eQ) -'", Q=hSFZ/V," sin 20, 

(10) 

where k i s  a proportionality factor, F i s  the structure 
amplitude, V, i s  the volume of the unit cell, T is  the 
mean dimension of the crystal, t i s  the mean dimen- 
sion of the mosaic blocks, and q is the misorientation 
of the blocks (the mosaic spread). The parameters t 
and q,  which determine the magnitude of the extinction 
correction c, where obtained by the method of least 
squares from the intensities of 27 reflections measured 
with unpolarized neutrons with X= 1.102 A. We com- 
puted the structure amplitudes with the atomic coor- 
dinates and thermal factors obtained in Ref. 11. We 
varied the parameters k, t ,  and 11, a s  well a s  the mag- 
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netic amplitude a, of the Fe3+ ion. The intensities com- 
puted with t = 19 and q = 1.5 x lo4 rad a r e  in fairly good 
agreement with the measured intensities (convergence 
factor R = 0.07). The formulas used remain valid when 
= 2.019 A, although the extinction correction becomes 

very large. In this case a fairly good agreement with 
experiment (R = 0.10) was achieved for 16 reflections - 

(including five G-type, magnetic reflections: 011, 013, 
031, 033, and 015) with the same t and q values by 
varying the proportionality factor arid the magnetic 
amplitude. Having thus obtained k and a,, we could 
compute from the measured intensities of the A-type 
reflections the ratio A,/G,= 1.93(18) x lo-'. 

DISCUSSION 

~ e f f e r ~ "  has phenomenologically proposed for a pair 
of magnetic ions bound by an intervening anion a 
~ z ~ a l o s h i n s k i r  vector in the form DjJ-r,,rj, in terms 
of the radius vectors r,, and r ,, of the bonds. An analy- 
s i s  of the generalized Hamiltonian for the indirect ex- 
change interaction in such a systemz1 has shown that 

D,=b[r,osol; B=d , +d2  cos e, (11) 

where dl and d, a r e  some constants and 6 i s  the bond 
angle. In the orthoferrites the nearest Fe3+ ions a r e  
bound by oxygen ions. The relation (11) alloys us  to 
express the components of the Dzyaloshinskii vectors 
D,, in terms of the coordinates of the oxygen ions [O,: 
xl, yl, z1 and 0,: x,, y,, z, (Fig. 2a)], the bond lengths 
1, and I,, and the unit-cell parameters a, b,  and c.12 
If we neglect the small differences in the lengths and 
angles of the various bonds, then for the two nearest 
Fe3+ ions located along the c axis 

For the remaining four ions lying in the basal plane we 
have 

bc at ab i D l x =  - 2 ,  D. .n=8  ,z, D , . ' = B ,  (Y.-y2- T )  
212 21 

(13) 

In the nearest-neighbor approximation, and with only 
the symmetric and antisymmetric exchange interactions, 
(7) and (1) respectively, taken into account, the free 
energy has up to terms of second order in smallness 
the form12*22 

From this we have for the r4(GxAy ',) configuration 
the relations') 

F.= WlrY+D,aV 2%'' 31 'G,,  A,=--G,. 
J 

(15) 

Knowing the structure parameters and the experimen- 
tal value for E; /G , ,  we can compute Ay/Gr. The struc- 
ture of YFeO, has been determined with a high accur- 
acy by Coppens and ~ ibschu tz .  l3 As for the small fer 
romagnetic moment, there a r e  some discrepancies 
among the values given in different papers. According 
to the data of Judin et a1. ,23 FJGx= 0 . 9 ~  lo-'. Treves 
et a1. l o t z 4  obtained the values 0.89 x lo-, and 1.2 x 10" 
in their investigations, while Jacobs et a1. 25 obtained 
the value 1.08 x 10". It is reasonable to choose the 

minimum of these values, since the possible ferromag- 
netic impurities, even in very small amounts, can lead 
to a situation in which the spontaneous moment deter- 
mined from magnetic measurements will be greatly 
overestimated. The thus computed ratio Ay/G,= 1.95 
x lo4 coincides with the experimental value obtained 
by us. 

We computed A,/G, with the theoretical value of A,/ 
F. (=2.19), which, a s  has been noted before,12 depends 
little on the form of 9, and is largely determined by the 
vector product [r,, x rjo]. The agreement between the 
experimental and computed values for A Y/G, indicate 
that the ~ z ~ a l o s h i n s k i r  vector i s  perpendicular to the 
plane passing through the Fe-0-Fe bond. In this case 
the formulas (121, (13), and (15) allow us  to compute 
9, the components of the vectors Dl, and D,,, and their 
lengths from the experimental A, / G x  value. In units of 
J x  lo4,  we have 9=2.31(22);  D:,=0.48(4); Dy, 
= 1.30(12); D:, = 0; DT4= 0.72(7); D:,= 0.55(5); D;., 
= -0.96(9); 1 D,,I = IDl4 1 = 1.35(13). 
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Priemyshev, Ya.A. Kasman, S.M. Rusin, K.I. Tur- 
apina, and L.P. Kolesnikova, who participated in the 
construction of the diffractometer , R. V . Pisarev, who 
kindly made the yttrium orthoferr ite crystal available 
to us, and V. M. Lobashev for the opportunity to per- 
form the experiment with the polarizing neutron guide. 
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