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An experimental study is made of the phase transition from spiral antiferromagnetism to ferro- 
magnetism in single crystals of terbium-yttrium alloys. Measurements are made of the critical 
magnetic field Hcr at which the transition occurs, the jump in the magnetization and magnetos- 
triction at the transition, the thermal expansion, and the magnetic anisotropy in the basal plane. It 
is established on the basis of a thermodynamic analysis that the height of the energy barrier 
separating the ferromagnetic and antiferromagnetic phases in terbium-yttrium alloys decreases 
upon cooling of the sample and upon introduction of yttrium into terbium mainly on account of 
the giant spontaneous exchange magnetostriction along the spiral axis (the axis of the helical 
antiferromagnetic structure). It is shown that the transition from antiferromagnetism to ferro- 
magnetism in terbium-yttrium alloys is due to the giant spontaneous magnetostrictive strains. 

One of the most characteristic features of the magnetic 
ordering in heavy rare earth metals and their alloys is that 
upon cooling below a certain temperature 0, the samples, as 
a result of a paramagnetic-antiferromagnetic phase transi- 
tion, develop a periodic antiferromagnetic structure of the 
spiral or static-longitudinal-spin-wave type. This structure 
is stable upon cooling to a temperature O,, where it breaks 
up as a result of an antiferromagnetic-ferromagnetic (AFM- 
FM) phase transition. While the formation of the periodic 
magnetic structures in rare earth metals has found theoreti- 
cal explanation,' there is divided opinion concerning the na- 
ture of the AFM-FM transition. The breakup of the antifer- 
romagnetic structure at T =  0, has been variously 
attributed to the magnetic anisotropyZ and its magnetoelas- 
tic part,3 the magnetoelastic exchange the split- 
ting of the energy bands at "superzone" b o u n d a r i e ~ , ~ ~ ~  and a 
temperature dependence of the exchange parameters.' An 
extremely promising approach to the investigation of the 
physical mechanisms responsible for these transitions is the 
integrated study of the magnetic and other properties of 
rare-earth-metal alloys, in which it is possible to purposeful- 
ly alter the basic interactions governing the stability of the 
magnetic structures. 

In the present paper we report an experimental study of 
the AFM-FM phase transition in alloys of terbium with yt- 
trium for the purpose of elucidating how this transition is 
influenced by the magnetic anisotropy, the magnetostric- 
tion, and the exchange interaction. To answer these ques- 
tions, we measured the magnetization, magnetic anisotropy, 
magnetostriction, and thermal expansion for single-crystal 
samples of these alloys. The technology for growing the sin- 
gle crystals and the techniques for measuring the magnetic 
and other properties have been described elsewhere. '0*'1 

Terbium-yttrium alloys are known to form continuous 
solid solutions with the hexagonal crystal l a t t i ~ e . ' ~ , ' ~  Ac- 
cording to the neutron-diffraction data,14 at temperatures 
between 0, and 0, in these alloys the magnetic moments of 
atoms belonging to the same basal plane of the lattice are 
parallel, while the magnetic moments of adjacent basal 

planes are rotated with respect to one another by a certain 
angle a. As a result, a spiral antiferromagnetic structure is 
formed, its axis coinciding with the hexagonal axis c of the 
crystal. 

From our measurements of the temperature and field 
dependence of the magnetization, magnetostriction, and 
thermal expansion in terbium-yttrium alloys Tb, Y, - , we 
determined the magnetic and magnetostriction characteris- 
tics needed for finding the various energy contributions to 
the thermodynamic potential. 

We studied in greatest detail the magnetic phase transi- 
tions for Tb,Y, - , alloys with terbium contents x = 0.9 1 
and x = 0.835. For these alloys we found the magnetic tran- 
sition temperatures 0, = 170 K, 0, = 217 K for x = 0.91 
and 0, = 120 K, 0, = 205 K for x = 0.835. 

In the temperature interval 0,-0, a magnetic field ap- 
plied in the basal plane (perpendicular to the spiral axis) in 
terbium-yttrium alloys induces a transition from a spiral 
antiferromagnetic (SAFM) to a ferromagnetic phase when 
the field exceeds a certain critical value Hcr . As can be seen 
in Fig. 1 (curve I), H,, increases as the temperature is re- 
duced below @,, reaches a maximum, and then decreases 
linearly upon further cooling. At T  = a , ,  where H,, = 0, a 
spontaneous SAFM-FM transition occurs. 

The magnetization jump A1 observed at H = H,, on the 
magnetization isotherms I (H ) increases monotonically upon 
cooling below the temperature 0, (curve 2 in Fig. 1). 

The magnetostriction constant A Ys2  = A,,  - A,, which 
is equal to the difference between the longitudinal and trans- 
verse magnetostrictionsA ,, andA, , respectivity, as measured 
in the basal plane, increases rapidly upon cooling below 0, 
(curve 3 in Fig. I), leading to a strong spontaneous magnetos- 
trictive distortion of the crystal lattice along the crystallo- 
graphic directions in the basal plane. 

In the temperature interval 0,-0, in a magnetic field 
H > H,, along the spiral axis (the c axis), the samples exhibit 
a "spiral" magnetostriction A, (curve 4 in Fig. 1) which is 
manifested in a discontinuous increase in the lattice param- 
eter c at the SAFM-FM transition. This A, increases upon 
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FIG. 1. Temperature dependence of the magnetic and magnetostriction 
parameters for the alloys Tb, ,, Y,,, (a) and Tb, ,,, Yo,,,, (b): 1) the critical 
magnetic field H,, , 2 )  the magnetization jump AZat the SAFM-FM tran- 
sition, 3) the magnetostriction constant R y,Z, 4) the "spiral" magnetostric- 
tion (the relative change in the dimensions along the c axis at H = H,,), 5) 
the spontaneous magnetostriction in the ferromagnetic phase along the b 
axis, 6 )  the spontaneous magnetostriction in the antiferromagnetic phase 
along the c axis. 

cooling at temperatures T < O,. At temperatures T < 0, the 
magnetostriction along the c axis is two orders of magnitude 
smaller than at the SAFM-FM transition. 

To determine the magnetoelastic energy in terbium-yt- 
trium alloys we measured the thermal expansion of single 
crystals along the principal crystallographic directions. 
Measurements at H = 0 permitted determination of the rela- 
tive strain of the crystal in the AFM phase. Measurements in 
a field H = 50 kOe applied along the axis of easy magnetiza- 
tion (the b axis) in the basal plane yielded the relative strain 
in the FM phase, since the 50-kOe field exceeded the maxi- 
mum value of H,, over the entire temperature range. 

From the experimental data on the thermal expansion 
of the single crystals along the principal crystallographic di- 
rections, we determined the relative strains in the FM and 
AFM phases: 

A2b =. 
b z ( T ) - b ( 0 )  , A,, = 

bi (2') -b(O) 

b ( 0 )  b ( 0 )  

Here ci (T )  and b, ( T )  are the dimensions of the crystal along 
the crystallographic directions c and b, with the subscript 
i = 1 corresponding to the AFM phase and i = 2 to the FM 
phase, and c(0) and b (0) are the dimensions of the crystal 
along the crystallographic directions c and b in the absence 
of the exchange interaction and spontaneous magnetostric- 
tion. In this paper we have evaluated c(0) and b (0) using avail- 
able data on the thermal expansion of lutecium,15 which is 
analogous to other heavy rare earth metals in its crystal and 
electronic structure but which does not have a spontaneous 
magnetic moment. The thermal expansion of luteciurn can 
to sufficient accuracy be taken as the phonon part of the 
thermal expansion of terbium and its alloys with yttrium if a 
small correction is introduced for the difference in the Debye 
temperature of lutecium and the alloys by the method de- 
scribed in an earlier paper.16 

Let us consider the change in the energy contributions 
at the SAFM-FM phase transition for the case in which the 
magnetic field H is directed along the easy axis b in the basal 
plane: HJlb. As H+O this transition goes over to the sponta- 
neous transition at the temperature 0 , .  For H # O  the tem- 
perature Ol (H)  depends on the field. 

For further description of this transition it is important 
that in both the FM and AFM phases the magnetic moments 
of the atoms lying in the same basal plane form ferromagne- 
tic layers within which the magnetic moments of all the 
atoms are oriented parallel. 

By virtue of the huge uniaxial anisotropy,ll the magnet- 
ic moments at the SAFM-FM transition in a field HJJb do 
not come out of the basal plane. Therefore, the uniaxial- 
anisotropy energy remains constant at the transition,and, 
consequently, the only change in the magnetic anisotropy 
energy is in the basal-plane component: AE ,b. 

The energy of the exchange interaction between atoms 
in the basal plane at the transition remains constant, whereas 
the energy of the exchange interaction between atoms lying 
in different basal planes changes markedly at H = H,, , since 
the angle between the magnetic moments of the layers 
changes discontinuously from a value a to zero.14 The inter- 
layer turn angle a is the order parameter for the spiral order- 
ing. The discontinuous changes occurring in the angle a, the 
magnetization, magnetostriction, and magnetocaloric effect 
at H = H,, indicate that the SAFM-FM transition is a first- 
order phase transition1' (here we are not considering tem- 
peratures in the vicinity of O,). 

Thus, for describing the SAFM-FM transition, the fol- 
lowing energy contributions should be included in the ther- 
modynamic potentials @, and @, of the FM and AFM 
phases, respectively: 

Oz=Pz,..,h+Ez ,,+ Ez,b -HIz, (2) 

@i=F1 ...,+ Ei ,,+El,b-HII, (3) 

where F,,,,, and Flex,, are the free energies of the exchange 
interaction between the magnetic layers, E,,, and El,, are 
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TABLE I. Change in the components of the thermodynamic potential per atom at H = H,, for the 
alloy T~o.,,, Y0,,65. 

the magnetoelastic energies, and I, and I, are the magnetiz- 
ations; the subscripts 1 and 2 refer to the AFM and FM 
phases, respectively. The thermodynamic potentials of the 
phases are equal at the transition point in the case of a first- 
order phase transition at H = H,, , and from the condition 
@, = @, we thus have 

Here A1 is the jump in the magnetization at H - H,,, 
AFexch = F2exch - FIexch is the jump in the free energy of the 
exchange interaction between layers, AE I: is the jump in the 
energy of magnetic anisotropy in the basal plane, and AE,, 
is the jump in the magnetoelastic energy. 

Since the magnetic moments are oriented along the axis 
of easy magnetization in the ferromagnetic phase and at var- 
ious angles to the principal crystallographic directions in the 
basal plane in the spiral magnetic structure, the jump in the 
magnetic anisotropy energy at H = H,, is given by 

AE:=-K8. (5) 

Our measurements of the magnetic anisotropy constant K, 
showed that this constant, which describes the anisotropy 
upon rotation of the magnetization I, in the basal plane, falls 
rapidly as the temperature is raised from 4.2 K to the point 
0,. Therefore, in the temperature interval 0,-0, the jump 
in the magnetic anisotropy energy AE j: at H = Hc is small 
compared to the jump in the magnetoelastic energy AE,, 
(see Table I and Fig. 2). 

The magnetoelastic energy, which is due to the magne- 
tostrictive distortion of the crystal lattice in the basal plane, 
changes at H = H,, by the amount3 

AEmz=-'Ia (Cli-Ctz) (AT,')  ', (6) 

where C,, and C,, are the elastic moduli. We evaluated 

AE trn by substituting into formula (6) the values obtained in 
this study for A Y'2 and the known  value^'^^'^ of C,, and C,, 
for terbium. It is seen from Fig. 2 and Table 1 that the condi- 
tion E ke > AE I: holds everywhere in the temperature range 
0,-0,. The total change in the magnetoelastic energy at the 
SAFM-FM transition is given by4 

AEme=-'lzCi,"A (cati) '-'lzCzzuA ( E ~ , ' )  '+AEm:, (7) 

where EC"' are the reversible deformations (strains) with the 
symmetry of the hexagonal close-packed structure, and C$ 
are the symmetric elastic constants. The strains ea3' and eas2 
can be evaluated by the following formulas4: 

E"~'=A~,+ 2 (A2b-'/,A7rz), F " ~ ~ = ' / ~ [ A ~ , -  ( h z b - ' / ~ h ~ - ~ ) ]  (8) 

for the ferromagnetic phase and 

&"s'=Aic+2hib, 8u82=3-'"(Alc-Alb) (9)  

for the antiferromagnetic phase, where A ,  and A ,  are given 
by formulas (1). 

The values of ea3' and evaluated from the experi- 
mentally determined spontaneous magnetostriction for sin- 
gle crystals of the alloy Tho,,,, Y, , , ,  are given in Table 11. 

These values were used in formula (7) together with 
published values of the elastic constants of t e r b i ~ m ' ~ . ' ~  to 
evaluate the changes in the magnetoelastic energy AE,, at 
the SAFM-FM transition. 

It should be noted that the elastic constants Cj, differ 
only slightly in the series of heavy rare earth metals and in 
yttrium, and their temperature dependence is that 
they vary no more than 10-15% over the temperature inter- 
val 4.2-300 K; the temperature dependence of these con- 
stants is therefore not important for estimating the energy 
contributions. The values found for AEme in Tb, Y ,  - , al- 
loys are given in Table 1 and Fig. 2. It should be noted that 

FIG. 2. Change in the components of the thermody- 
namic potenial per atom at H =  H,, in the alloys 
Tb0.91 (a) and 835 '0.165 (b). 
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TABLE 11. Strains EP.' and EP.' in the ferromagnetic (i = 2) and antiferromagnetic 
(i = 1) phases for the alloy T b  ,,,, Yo ,,,, . 

~ - - 

relation (7) for the change in the magnetoelastic energy at 
H >  Hcr includes the change due to the strain along the hex- 
agonal axis c as well as the change due to the strain in the 
basal plane. 

The change AFexch in the exchange interaction energy 
at H = Hcr was evaluated from thermodynamic equation (4) 
by substituting in the calculated values of AE,b and AEme 
and the experimental values of Hc, and AI. It is seen in Fig. 2 
that AFeXch initially increases as the sample is cooled below 
O,. This can be attributed to growth of the spontaneous 
magnetization of the magnetic layers. Upon further cooling 
AFexch, after reaching a maximum, begins to decrease, ap- 
parently because of a decrease in the interlayer turn angle.I4 

Near the temperature O, of the SAFM-FM transition, 
AE,, is comparable in absolute value with AFexch (see Fig. 
2). This means that the increaseAFeXch in the exchange ener- 
gy at the transition is compensated by a decrease AE,, in the 
magnetoelastic energy. As a result, there is a transition to a 
stabler ferromagnetic phase which has a lower thermody- 
namic potential at temperatures T = < 0,. The magnetic 
anisotropy energy AE ,b, as is seen from Table I and Fig. 2, 
has an insignificant influence on the transition, inasmuch as 
AE f: (AE,, . 

The governing role in the magnetoelastic contribution 
AE,, is played by that part of the magnetostrictive strain 
which leads to a change in the volume and is due to the strain 
along the c axis (the spiral axis). This part of the magnetoe- 
lastic energy can be evaluated from the relation 

AE,'=-'/2C33 (LIZ?-A1c2) (10) 

where C,, is an elastic constant. The quantities appearing in 
formula (10) were evaluated from the experimental data and 
formula ( I )  by the method described above. 

FIG. 3. Concentration dependence of the maximum energy barrier 
H,, A 1  in Tb,Y, - alloys. 

It is seen from Table 1 that the value AE k, differs only 
slightly from the net change in the magnetoelastic energy 
AE,,. The author has previously shown2' that the magne- 
tostriction along the c axis is due to the dependence of the 
exchange energy on the lattice parameter c .  This means that 
at H = H,, the leading contribution to the change AE,, in 
the magnetoelastic energy is that of the magnetostriction 
due to the dependence of the exchange integrals on the lat- 
tice parameter c, which determines the distance between the 
magnetic layers in the FM and AFM phases. The magnetic 
anisotropy energy AE,b and the magnetoelastic energy 
AE ke in the basal plane (see Fig. 2 and Table I) have a much 
smaller influence on the SAFM-FM transition. 

The data obtained in this study on the concentration 
dependence of the energy barrier separating the FM and 
AFM phases in Tb,Y, - , alloys confirm the conclusion that 
the magnetostriction exerts the controlling influence on the 
SAFM-FM transition. It is seen in Fig. 3 that the maximum 
height of this barrier, i.e., the maximum value of the product 
Hc,AI of the critical field H,, and the magnetization jump 
AI, at first grows rapidly as the terbium is diluted with yt- 
trium, reaches a maximum at x =: 0.4, and then decreases on 
account of the decrease of both Hcr and AI. The concentra- 
tion dependence of (HCrAI),,, can be explained by a change 
in the energy spectrum of the conduction electrons, a split- 
ting of the energy bands by the superzone boundaries, and by 
a deformation of the Fermi surface as a result of the spiral 
magnetic ordering and the magnetic dilution. The magnetic 
data21 imply that the spontaneous SAFM-FM transition at 
temperature O, is observed in Tb, Y, - , only at sufficiently 
high terbium concentrationsx > 0.835. For x > 0.8, as can be 
seen in Fig. 3, AE,,, becomes approximately equal to the 
energy barrier between the FM and AFM phases. In dilute 
alloys withx < 0.63, AE,, is smaller than this energy barrier 
by one or two orders of magnitude. For this reason the mag- 
netoelastic interaction in dilute Tb,Y, -, alloys does not 
lead to a spontaneous transition, and the SAFM-FM transi- 
tion is observed in dilute alloys only in the presence of a field 
H > Hcr . The interaction responsible for the magnetic an- 
isotropy energy is also incapable of causing a spontaneous 
transition, since AE = AE,, + AE ,b is small compared to 
H,,AI (see Fig. 3). 

Thus, the thermodynamic estimates and experimental 
data imply that the giant spontaneous exchange magnetos- 
triction in terbium-yttrium alloys causes the decrease of the 
thermodynamic potential upon cooling to be stronger in the 
FM phase than in the AFM phase. As a result, during cool- 
ing in the absence of magnetic field there occurs a spontane- 
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ous transition at O, from the AFM to the FM phase, which 
at T <  0, has a lower thermodynamic potential. 

By considering the results of the present study in con- 
junction with other data4-' which indicate that the magne- 
tostriction plays a governing role in the SAFM-FM transi- 
tion in dysprosium and holmium, we can conclude that the 
AFM-FM transition in heavy rare earth metals and their 
alloys is caused by the giant spontaneous magnetostrictive 
strains which arise upon magnetic ordering. 
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