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The magnetic hysteresis of terbium-yttrium single crystal alloys has been investigated. Hysteresis loops 
associated with the antiferromagnetic-fmomagnetic phase transition wetc observed near the critical 
magnetic field strengths. It is shown that the phase transition is of the first order. The width of the 
hysteresis loop depends nonmonotonically on the composition of the alloy. It was found that the 
concentration dependence of the critical magnetic field strength in terbium-yttrium alloys has a 
maximum at 70 at.% Y. 

Studies of the magnetic hysteresis of rare-earth magnetic moment of the free trivalent terbium ion 
metals (REM) and their alloys, which have a helicoidal ( p o =  9 p,). On the basis of this we can say that the 
antiferromagnetic structure in a certain temperature present alloy is a ferromagnet having its magnetic 
range, are of scientific interest from two points of moments aligned parallel at 4.2 "K when H> H,,. The 
view: first, to elucidate the complex magnetization spin polarization of the conduction electrons due to 
processes in helicoidal magnets, and second, to obtain s-f exchange also makes an appreciable contribution 
information on the nature of the phase transitions. to the magnetic moments. 

REM and their alloys exhibit complex magnetic trans- 
itions between ferromagnetic, helicoidal antiferromag- 
netic, and paramagnetic phases.' Up to now polycrys- 
talline specimens have been used to investigate the 
magnetic hysteresis in the vicinity of these transitions: 
and this is inadequate since the results are very diffi- 
cult to interpret because of the very large magnetic 
anisotropy and magnetostriction. 

Thus, the helicoidal structure is destroyed when the 
field strength rises above the critical value H,,, i.e. a 
phase transition from helicoidal antiferromagnetism 
to ferromagnetism takes place. The large magnetic 
hysteresis accompanying this transition doubtless in- 
dicates that the transition is of the first order. This 
conclusion is confirmed by measurements of the mag- 
netocaloric effect6 and the magnetostricti~n,~ since 
there is an entropy discontinuity as well as  discontin- 

In the work reported here we investigated the mag- uities in the linear dimensions and volume of the spec- netic hysteresis of terbium-yttrium alloy single crys- imen at H> H,,. tals. The techniques used in growing the crystals and 
monitoring their quality have been described else- 

6, G . cmvg where.= Neutron-diffraction data4 show that these alloys 
have a helicoidal antiferromagnetic structure in a cer - 
tain termperature range €$+, the magnetic moments 
of the atoms then lying in the basal plane of the hexagon- 
al dense-packed lattice. A magnetic phase diagram for 
terbium-yttrium alloys has been constructed5 on the 
basis of studies of the magnetostrictiveS and electrical3 
properties. 

Figure 1 shows magnetization and magnetic hyster- 
esis curves for Tb+ 37 at.% Y and Tb+ 50 at.% Y alloys 
measured along the b axis in the basal plane at a temp- 
erature (4.2 %) at which the helicoidal magnetic struc- 
ture exists in the absence of a field. As the magnetic 6 , G  . cm3/g 

field is increased the magnetization first rises linearly, 
and then, at a critical field strength H=H,,, it rises 
discontinuously and reaches saturation. The sudden de- 
crease of the magnetization on reducing the field 
strength takes place at a different critical field strength 
H= H,,. 

We note that the saturation magnetization of the - 
Tb+ 37 at.% Y alloy at 4.2 % amounts to u-260 G'cm3/ FIG. 1. Magnetization curves and hysteresis loops for ter- 
g, which corresponds to a magnetic moment of po blum-yttrium alloys at 4.2 OK: a -Tb +37 at. % Y; b-Tb +50 at.% 
= 9.8 p, for the Tb ion. This value of po exceeds the Y. 
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FIG. 2. Concentration dependences of the critical magnetic 
field strengths HCri (curve 1) and Hm2 (curve 2) and their dif- 
ference AH,,  (curve 3) for terbium-yttrium alloys at 4.2 OK. 
The open circles and squares represent pulsed-field measure- 
ments of HCri and HCrz ,  respectively, and the crosses, static- 
field measurements of HCri. 

According to current ideas:" the appearance and 
character of helicoidal and sinusoidal magnetic struc - 
tures in m M  are  determined to a considerable extent 
by the topology of the Fermi surface, the energy spec - 
trum of the conduction electrons, and features of the 
s-f exchange interaction. Changes in the exchange pa- 
rameters, the magnetic anisotropy, and the magneto- 
striction incident to changes in termperature and con- 
centrations of the rare-earth components in the alloys 
doubtless also affect the stability of these s t r u ~ t u r e s . ~ * ~  

It is of interest to trace the variations in the critical 
magnetic field strengths and the width of the hysteresis 
loop a s  functions of the yttrium concentration in the 
terbium-yttrium alloys. Magnetization measurements 
were made in static fields up to 75 kOe and in pulsed 
magnetic fields up to 200 kOe (Fig. 2), the magnetic 
fields being applied in the basal plane along the (10i0) 
crystallographic direction (the b axis). The magnetic 
field strength was determined within 0.5% in the static 
regime and within 10% in the pulsed regime. H,,, was 
taken as the field strength at the maximum of d o / d ~  
in the vicinity of the sharp r ise  of the magnetization o 
incident to destruction of the helicoidal magnetic struc- 
ture. H,,, was determined similarly from the d o / d ~  
maximum in the vicinity of the sharp decrease in the 
magnetization on the downward branch of the magnetic 
hysteresis loop. H,, and H,, were determined within 
2.5% in the static regime and within 12% in the pulsed 
regime. In all cases the width AH,, of the magnetic 
hysteresis loop was defined a s  the difference between 
H,, and H,,,, i.e., AH,,= H,,, - H,,,. It is evident from 
Figs. 1 and 2 that the critical field strength is consid- 
erably higher and the hysteresis loop considerably wid- 
e r  for the Tb+ 50 at.% Y alloy than for the Tb+ 37 at.% 
Y one. The concentration dependence of H,, at 4.2 "K 
exhibits a maximum at 70 at,% Y (see Fig. 2). The cr i t -  
ical magnetic field strengths decrease sharply as the 
temperature r ises  and approaches the N6el point. As 
the specimen is heated within the interval 4.2-60 "K 
the width of the hysterisis loop decreases approximately 
a s  the fifth power of the relative magnetization u,/o,, i.e, 

where AH,,(O) is the value of H,, at 0 "K. The Tb+ 37 

at.% Y alloy, whose antiferromagnetic -paramagnetic 
transition temperature is 8,= 176 "K, exhibits virtually 
no magnetic hysteresis near H,, when T> 130 "K. 

If the hysteresis near H,, were due entirely to the 
magnetic anisotropy in the basal plane, there would be 
a considerable difference between the values of H,, for 
fields H parallel to the a and b axes, respectively. 
However, these differences do not exceed 10% of the 
critical field strength H,,. In principle, the magneto- 
elastic energy might also affect the hysteresis. In this 
case AH,, should be proportional to the magnetoelastic 
energy: 

where X Y t 2  and kc a re  constants specifying the magneto- 
striction in the basal plane and along,the c axis, r e -  
spectively; the C,, a r e  the elastic constants; and I ,  is 
the magnetization. On substituting into this formula 
the experimental values Aye'- lom3, XC- Cll-0.75 
x 1012 dyne/cmz, C,,- 0.26 x 1012 dyne/cm2, C3,- 0.6 
X 10" dyne/cm2, and I S %  1700 G obtained for Tb+ 37 
at.% Y alloys at 4.2 "K, we find that AH,,- 300 Oe. 
This is two orders of magnitude lower than the ob- 
served values of AH,,. 

In terbium-yttrium alloys: the magnetic anisotropy 
and magnetostriction in the basal plane fall off mono- 
tonically with decreasing terbium concentration, since 
they a re  mainly single-ion effects, being due to the in- 
teraction of the orbital angular momentum of the ter-  
bium with the field of the crystal lattice. 

The experimental data show (Fig. 2) that H,, grows 
considerably with decreasing terbium concentration 
down to a concentration of 70 at.% Y but then falls with 
further decrease of the terbium concentration. As a 
function of concentration, AH,, has a maximum at 50 
at.% Y. Such behavior of H, and AH,, cannot be ex- 
plained by taking account of the magnetic anisotropy 
and magnetostriction alone. The critical magnetic field 
strength and the width of the hysteresis loop depend on 
the energy barr ier  between the ferromagnetic and heli- 
coidal structures. The height of this barrier depends to 
a considerable extent on changes in the exchange inter- 
action between-the magnetic layers and in the electronic 
structure at the transition between the helicoidal anti- 
ferromagnetic and ferromagnetic phases. 

The authors thank K. P. Belov for discussing the re -  
sults, R. Z. Levitin and V. I. Silant'ev for consultations 
regarding the measurements in the pulsed magnetic 
fields, and G. E. Chuprikov and V. P. Posyado for pro- 
viding the alloy single crystals. 
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The topic is interaction of a moving domain wall in a rare-earth orthoferrite with elastic vibrations of the 
lattice and with spin waves that are localized near the domain wall. It is shown that this interaction leads 
to a sharp increase of the retarding force acting on the domain wall at a velocity close to one of the 
velocities of sound. The retarding force due to one- and two-particle processes is calculated; consideration 
is also given to the effect of this phenomenon on the variation of the domain-wall velocity with external 
magnetic field. 

PACS numbem 75.60.Ch, 75.30.D~ 

INTRODUCTION 

In the motion of domain walls (DW) in perfect, mag- 
netically ordered crystals, there is particular interest 
in the study of the dynamic retardation of DW that is 
caused by interaction of a DW with magnons and with 
lattice vibrations (phonons) and that exists even in an 
ideal crystal. 

In calculation of the dynamic retardation of DW, us- 
ually only interaction of the DW with magnons is taken 
into account.' Actually, this is due to the fact that the 
coupling between the magnetic and elastic subsystems 
is small and manifests itself significantly only when 
definite resonance conditions a re  satisfied.' As we 
shall show below, in the present case this condition is 
coincidence of the domain-wall velocity with the phase 
velocity of an elastic wave; there is then the possibility 
of sound radiation, which leads to a significant contri- 
bution to the dynamic retarding force. This phenome- 
non has been observed in experiments3v4 carried out on 
rare-earth orthoferrites (REO). 

We note that such effects can in principle be observed 
only in magnetic materials in which the limiting velocity 
Vc of DW motion is  larger than the velocity of sound. 
As an example, one may cite antiferromagnets or fer- 
rites with equivalent magnetic sublattices (for example, 
REO) ," in which' the limiting DW velocity is determined 

by exchange interaction alone5 ( V, - I,/E- lo4 m/sec; 
I is the exchange integral, a the lattice constant; the 
experimental value of Vc in REO, obtained by Konishi 
et aL3 and by Chetkin et a1.: is of the order of 2.10'' m/ 
sec). 

The present paper treats radiation of sound during 
motion of a DW in REO. Characteristic of this problem 
is the fact that the DW is plane (a one-dimensional sys- 
tem). It is shown that this significantly changes the na- 
ture of the radiation a s  compared with the standard sit- 
uation of Cerenkav radiation (a particle-like or linear 
system6); specifically: the condition for radiation of a 
phonon is satisfied only in a narrow range of DW veloc- 
ity near the sound velocity s, and not for V > s as  in the 
standard situation. This fact leads to the necessity for 
considering processes of radiation of several particles 
(phonons or phonons and spin waves). 

We shall consider processes of radiation of one and 
of two phonons, and also the process of radiation of a 
phonon and a spin wave (Sections 2 and 3). We shall 
calculate the contribution of these processes to the DW 
retarding force. It turns out that of all the two-particle 
processes, the one that makes the greatest contribution 
is  the process of radiation of a volume phonon and of a 
spin wave localized near the DW. The closing section 4 
of the paper discusses the effect of these processes on 
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