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The magnetic phase transitions in single crystals of Tb and Tb-Y alloys are investigated with the aid of 
the magnetocaloric effect, using the results of the magnetization and magnetostriction measurements. The 
energy contributions to the entropy change that occurs in the helical antiferromagnetic-ferromagnetic 
transition are found on the basis of a thermodynamic analysis of the experimental data. It is established 
that the destruction of the helical structure in this transition occurs largely as a result of gigantic 
magnetostrictive deformations. 

PACS numbers: 75.30.- 75.80.+q, 75.30.Sg 

The magnetic phase transformations occurring in the 
rare-earth metals and alloys have been studied through 
the measurement of the magnetic, galvanomagnetic, and 
magnetostriction properties. ['I However, these investi- 
gations do not yield detailed information about the 
changes in energy and entropy that occur during the mag- 
netic transitions. This information can be obtained, in 
particular, from measurements of the magnetocaloric 
effect. "I The object of the present work was to investi- 
gate the magnetic phase transitions occurring in  single 
crystals of terbium-yttrium alloys with the aid of the 
magnetocaloric effect (the A T-effect), using the data on 
the magnetic and magnetostriction properties. Up to 
the present the magnetocaloric effect in the rare-earth 
metals (REM) has been measured only on polycrystalline 
Gd and Dy samples. c1*33 However, owing to the huge 
magnetic anisotropy of the REM and their alloys, ['I the 
behavior of the AT-effect and other properties along the 
hexagonal axis differs significantly from the behavior in 
the basal plane, and therefore the results of measure- 
ments on polycrystalline samples do not give sufficiently 
detailed information for the interpretation of the mag- 
netic phase transformations in these substances. 

EXPERIMENTAL RESULTS 

The method of growing single crystals of the Tb-Y 
alloys and their analysis have been described earlier. c41 

The magnetocaloric-effect measurements were carried 
out in an evacuated casing (10'5-~orr vacuum) with the 
aid of a differential thermocouple. The temperature- 
stabilization system guaranteed a constancy of the tem- 
perature in the active volume to within 0.005 K. The 
magnetization was measured with a vibrating magnetom- 
e ter  with an oscillating sample. 

In Fig. 1 we show the temperature dependences of the 
AT-effect for terbium and the alloys Tb-9 a t  . % Y and 
Tb-16. 5 a t  . % Y in a magnetic field applied in the basal 
plane along the b axis (the axis of easy magnetization) 
and along the hexagonal axis c (the axis of difficult mag- 
netization). The curves exhibit maxima in the tempera- 
ture behavior of the AT-effect a t  temperatures that 
coincide with the magnetic-phase-transition tempera- 

tures determined from the magnetic measurements. 
According to the neutron-diffraction data, 15' the AT-ef- 
fect maximum occurring a t  the higher temperature a t  
the point 6, corresponds to the paramagnetic-helical 
antiferromagnetic phase transition. The temperature 
dependence of the magnetization has here a maximum 
similar to the maximum at  the Nee1 point of antiferro- 
magnetic materials. The AT-effect maximum a t  the 
lower temperature is due to the helical antiferromagne- 
tic-ferromagnetic transition, which in  the absence of a 
magnetic field occurs a t  the point 0,. In the case of 
terbium, this low-temperature maximum in the vicinity 
of the point 0, is observed only in weak fields (see the 
inset in FZg. la). The values of 0, and 0, determined 
from the measurements along the b and c axes coincide, 
except for terbium. The magnetic-phase-transition 
temperatures for the Tb-Y alloys a r e  given in Table I. 

According to our measurements, the magnetization in 
the Tb-Y alloys exhibits a stepwise variation in i t s  mag- 
nitude in  definite critical fields H =  H,, (see Fig. 2). In 
these fields the helical magnetic structure is destroyed. 
The temperature dependence of H,, has a maximum in  
the temperature range 8, -0,, and, a s  the points 0, and 
0, a r e  approached, the magnitude of H,, decreases. 

In a magnetic field (Fig. 3) applied along the b axis, 
the magnetocaloric effect undergoes in the temperature 
range 0, -0, a stepwise change in i t s  magnitude a t  
H =  H,,, which, a s  in the case of the magnetization, can 
clearly be explained by the destruction of the helical 
magnetic structure by the external field. Above a defi- 
nite temperature (207 K for Tb-9 a t  . % Y and 190 K for 
Tb-16.5 a t  .O/o Y) there occurs a change in the sign of 

TABLE I. The magnetic phase transition 
temperatures Oi and e2 in single crystals 
of Tb-Y alloys. 

Tb 229 along the 6 axis; 
2% along the c axis 

TI,-9 ar.% Y 
Tb - 16.5 ar.% Y 207 
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the jump in the magnetocaloric effect at  H= He, from 
positive to negative. 

The helical antiferromagnetic -ferromagnetic transi- 
tion, which is accompanied by a maximum in the tem- 
perature-versus-AT-effect curve and a sharp increase 
in the magnetization, shifts, a s  the field strength is in- 
creased, toward the region of higher temperatures in 
accordance with the dependence Hcr(T). The minimum 
of the AT-effect in the 8, -8, temperature range be- 
comes less pronounced in a strong field. 

From the isotherms of the magnetocaloric effect in a 
field applied along the c axis i t  can be seen (Fig. 4) that, 
a s  the temperature is raised in the 8, - 8, temperature 
region, the positive A T-effect gradually decreases to 
zero, and then the AT-effect becomes negative. As the 
temperature is raised further and the point 8, is ap- 
proached, kinks develop in the isotherms, and in the im- 
mediate vicinity of the point 8, in the paramagnetic re-  
gion the magnetocaloric effect becomes positive in any 
external field. 

FIG. 2. Dependence of the magnetization of a single crystal of 
the alloy Tb-9 at.% Y on the strength of a magnetic field a p  
plied along the b axis. The inset shows the temperature depen- 
dence of the critical field. 

FIG. 1. Temperature dependence of the 
magnetocaloric effect in single crystals of 
terbium (the curve 1) and Tb-9 at.% Y and 
Tb-16.5 at.% Y alloys (the curves 2 and 3): 
a) in an 8-kOe magnetic field applied in the 
basal plane along the b axis; b) in a 12-kOe 
magnetic field applied along the hexagonal 
axis c .  The inset in Fig. la shows the de- 
pendence AT(T) for terbium in a 200-0e field 
parallel to the b axis. 

DISCUSSION OF THE EXPERIMENTAL RESULTS 

The destruction of the helical magnetic structure by 
a field H a  H,, is manifested in a stepwise increase in 
the magnetization and in a sudden evolution o r  absorp- 
tion of heat, which is characteristic of first-order phase 
transitions. The data obtained in the magnetization and 
magnetocaloric-effect measurements allowed the deter- 
mination of the dependence Hw(T) (see the inset in Fig. 
2). There occur in  the magnetocaloric-effect curves 
A T(H) in the region of increase of fl, positive jumps 
at  H= Hcr (see Fig. 3). At temperatures a t  which H,, 
attains i ts  maximum, there occurs a change in the sign 
of the jump in the isotherms AT(H). The jump in the 
magnetocaloric effect becomes negative in the tempera- 
ture region where Hc, decreases with increasing tem- 
perature. The shift of the transition temperatures 
under the action of magnetic fields is connected, ac- 
cording to thermodynamics, with the heat of transi- 
tion. Cs' On the basis of the thermodynamic relations 

FIG. 3. Isotherms of the magnetocaloric effect in a Tb-9 at.% 
Y single crystal in the 0,4, temperature region Wll b ) .  
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FIG. 4. Isotherms of the magnetocaloric effect in a Tb-16.5 
at.% Y single crystal in the @*-e2 temperature region (Hll c ) .  

that a r e  valid for  first-order phase transitions, we can 
derive an equation similar to the Clapeyron-Clausius 
equation: 

On the other hand, the magnitude of the AT-effect is 
connected with the change, AS, in the entropy by the 
formula 

Here C, is the specific heat a t  constant pressure. The 
quantity AZin the formula (1) is the jump in  the magne- 
tization occurring i n  the transition from the helical-anti- 
ferromagnetic to the ferromagnetic state and AS is the 
jump in  the entropy occurring in  the transition. 

The change of sign of the jump in  the AT-effect a t  
H= H, in the €9, -0, temperature range is in accord 
with the theoretical formulas (1) and (2). I t  can be seen 
from these formulas that a t  temperatures where 
dH,/d~>0, the theory predicts that AT>O and AS<O; 
if d ~ , / d ~ < 0 ,  then AT<O and A D O ,  which agrees with 
the experimental data. At the temperature a t  which the 
H,,(T) curve has a maximum (here ~H,/~T=O),  there is 
virtually no jump in the AT-effect, whereas quite a no- 
ticeable jump i n  the magnetization is exhibited in the iso- 
therms o(H) (F'igs. 2 and 3). 

In terbium, a t  temperatures in the range 0, -0, and 
in  fields - 200 Oe, the temperature dependence of the 
AT-effect is similar in character to the dependence that 
we observed in the alloys. However, the low critical 
fields make the observation of the jumps in  u(H) and 
A T(H) at  H =  Hcr difficult. 

According to thermodynamics, the jump in the entropy 
occurring in  the transition is given by AS = - A(a*/a T),. 
If we take into consideration the formula (2) and the pre- 
v i ~ u s l ~ - c a l c u l a t e d [ ~  change occurring in the thermo- 
dynamic potential in  the helical antiferromagnetic-ferro- 
magnetic transition, then for the magnetocaloric effect 
due to the transition a t  H =  Hcr we can derive the relation 

1 -- a (AT- I ) '  aK,  
(c,,-c12)- - - - -- 

Ha(An I .  d T  dT  dT 

Here AFO is the change occurring in the f ree  energy of 
the exchange interaction in the transition; A; and )Le a r e  
the spontaneous strictions along the hexagonal axis c in  
the helical-antiferromagnetic and ferromagnetic phases, 
respectively; AYv2 is the difference, measured in the 
basal plane in  the ferromagnetic state, between the lon- 
gitudinal and transverse saturation strictions; K,  is the 
anisotropy constant in  the basal plane; c,,, c,,, and c,, 
a r e  elastic moduli; and H i s  a magnetic field applied in  
the basal plane. 

The heat of transition AQ is connected with the quan- 
tity AT, in  the following manner 

Thus, i t  can be seen from (3) that the magnetocaloric 
effect resulting from the destruction of the helical struc- 
ture contains contributions due to different processes. 
The f i rs t  term i n  the square brackets in  the formula (3) 
is a consequence of the change that occurs during the 
phase transition in  the f ree  energy (without i t s  magneto- 
elastic part) of the exchange interaction between the 
layers; the second ar ises  owing to the decrease in the 
magnetoelastic energy of the exchange interaction a s  a 
result of the magnetostrictive deformation along the 
hexagonal axis c; the third is due to a decrease in the 
magnetoelastic energy in  the basal plane; the fourth, to 
a decrease in  the energy of the magnetic anisotropy in 
the basal plane; and the fifth, to a change in  the magne- 
tization-magnetic field interaction energy. 

The magnitudes of the contributions to the heat of 
transition AQ and the magntiude of the magnetocaloric 
effect ATt were found by us for different temperatures 
with the aid of the data on the magnetization, the mag- 
nebstriction, and the thermal expansion. [lo' The spe- 
cific heat was determined from the measurements of the 
magnetocaloric effect and the magnetic susceptibility in  
the paramagnetic region, using the formula 

(where 0,, is the paramagnetic Curie temperature for a 
magnetic field directed along the hexagonal axis and C 
is the Curie-Weiss constant), which follows from the 
Curie-Weiss law and the thermodynamic relations. A 
similar formula can be derived for the basal plane. The 
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FIG. 5. Temperature dependence of the energy contributions 
to the magnetocaloric effect AT, induced by the transitim in 
H=H, for the alloy ~ b - 9  at.% 'i (the computations were carried 
out, using the formula (3)). Curve 1: AT, jump measured ex- 
perimentally; curve 2: 

curve 3: 

T c , , -C ,Z  a(i*.=)= 

C, 4 aT ' 

curve 4: - (T/Cp)H8 AI/BT; curve 5: (T/c~)A(BF~/~T),; curve 
6: jump in the free energy of the interlayer exchange interac- 
tim for H= H,, AG = F$- 4; curve 7: the entropy jump AS 
for H = H,. 

obtained specific -heat values for terbium ( C, = 0.24 
~/g-deg)  a r e  in satisfactory agreement with the data of 
Ref. 11. For the two remaining samples, the specific- 
heat value was equal to - 0.25 J/g-deg. 

The values of the various contributions to the magneto- 
caloric effect a re  shown in Fig. 5. A s  can be seen, the 
dominant role is played by the contribution due to the 
change in the f ree  energy of the exchange interaction be- 
tween the layers for H =  H,, and the contribution due to 
the change in the magnetoelastic part of the exchange 
interaction a s  a result of the magnetostrictive deforma- 
tion along the c axis. This latter contribution is ex- 
tremely high in  the REM and in  Tb-Y alloys, a s  a result 
of which the magnetostriction in  them attains huge val- 
ues ($ - A:) - 10''. C10*i23 The heat of transition near 8, 
is due largely to the conversion of the magnetoelastic 
energy into heat in the case when H= H,, (AT> 0). This 
agrees with the inferencecg3 that the huge magnetostric- 
tion exerts considerable influence on the phase transi- 
tion at the point 8,. The helical antiferromagnetic-fer- 
romagnetic phase transition can be explained on the 
basis of the temperature dependence of the exchange 
parameters, CIS1 which, in  the terbium-yttrium alloys, 
decrease sharply upon cooling owing to the gigantic mag- 
netostriction. C9*10v121 

As the temperature is increased, the contributions to 
AT, due to the magnetoelastic energy and the magnetic 
anisotropy in the basal plane decrease appreciably. On 

the other hand, a s  the temperature is raised and the 
point 8, is approached, the negative contribution 

increases sharply in  absolute value (the curve 5 in Fig. 
5), exceeding the positive contributions, a s  a result of 
which, above the temperature a t  which dH-/dT= 0, the 
magnetocaloric effect becomes negative. This negative 
contribution can be explained by the decrease in  the in- 
terlayer exchange interaction F0 = FO(l,, o) (as well a s  
the decrease in  the change, AF', occurring in  i t  during 
the phase transition), as a result of a decrease in the 
spontaneous magnetization and an increase in the inter- 
layer turn angle wtie5] a s  the temperature is raised (see 
the curve 6 in Fig. 5). 

The temperature dependence of the A ll;, -effect along 
the hexagonal axis exhibits, besides the maxima a t  the 
points 8, and 9, connected with the above-described 
transitions, a deep negative minimum in the middle of 
the temperature interval 9, -8, (see Fig. lb). A num- 
ber  of the All;,-effect isotherms have a negative sign in  
the entire region of fields (the 191-, 194-, and 198-K 
isotherms in Fig. 4). Since the magnitude of the AT- 
effect is proportional to - BU/BT, the steep negative 
minimum i n  the temperature-versus-AT-effect curves 
in Fig. l b  indicates that there occurs a t  the tempera- 
ture corresponding to this minimum a rapid increase in 
the magnetization along the c axis in  an external field 
applied along the hexagonal axis. Such an explanation 
is i n  accord with the results of the theoretical computa- 
tions of the behavior of the magnetization of a REM lo- 
cated in a field parallel to the hexagonal axisc"' and with 
the computations of the magnetic susceptibility of a fer-  
romagnetic material in  a magnetic field applied along 
the axis of difficult magnetization. [15' 

As a result of the process of spin orientation along the 
field, the helical magnetic structure (the antiferromag- 
netic spiral) gets transformed into a ferromagnetic 
spiral with the resultant magnetic moment along the c 
axis. Such a structure was observed earlier  in a dys- 
prosium single crystal. [lB3 The process of spin orienta- 
tion in a field directed along the hexagonal axis occurs 
more intensely in yttrium-rich Tb-Y alloys, owing to 
the decrease of the magnetic-anisotropy constant as ter- 
bium is diluted with yttrium. [lS1 This is indicated by 
the growth of the maximum of the AT,,-effect a t  the point 
6, a s  the yttrium content is increased (Fig. lb). 

I t  is noteworthy that, in  contrast to the measurements 
in  the basal plane, when the field is applied along the c 
axis, no jump i s  observed in the AT,,-effect a s  the field 
is increased (Fig. 4). This indicates a gradual trans- 
formation of the helical magnetic structure into a ferro- 
magnetic spiral  without a jump in the magnetization, 
which is in accord with theory. c148151 

CONCLUSION AND DEDUCTIONS 

Thus, the study of the magnetic phase transitions by 
means of magnetocaloric-effect and magnetization mea- 
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surements on single crystals of terbium and the Tb-Y 
alloys and the thermodynamic analysis of the experi- 
mental data have shown that, in  a magnetic field applied 
in  the basal plane, the helical antiferromagnetic-ferro- 
magnetic transition is a first-order phase transition. 
In  this transition, the abrupt liberation o r  absorption of 
heat occurs mainly as a result of changes in  the inter- 
layer exchange interaction and the magnetoelastic en- 
ergy. 

In the case when t@e magnetic field is applied along the 
hexagonal axis c, the character of the magnetic phase 
transformations changes significantly. To wit, a helical 
antifermmagnetic-helical ferromagnetic transition oc- 
curs. This transition is accomplished without stepwise 
increases in the entropy and the magnetization. 

In conclusion, the authors express their gratitude to 
Professor K. P .  Belov for  a discussion of the obtained 
results, a s  well as to E. V. Talalaeva and L. A. 
Chernikova fo r  valuable comments. 
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Resistivity of shock-compressed ytterbium 
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Zh. Eksp. Teor. Fi. 73, 237-245 (July 1977) 

Results are reported of an experimental investigation of the electric conductivity of shock-compressed 
ytterbium in the pressure range up to 220 kbar. It is shown that up to -30 kbar the resistivity of 
ytterbium increases with pressure, and the ytterbium acquires semiconducting properties. At pressures on 
the order of 20 to 30 kbar the ytterbium undergoes a phase transition and becomes metallic again. 
Further increase of the shock-loading amplitude leads, at 80-150 kbar, to a sharp increase of the 
ytterbium resistivity, thus attesting to still another transition due to a realignment of the electron 
structure, a transition not heretofore observed under static compression conditions. The temporal 
characteristics of the aforementioned transitions were measured under actual shock-loading conditions. It 
is shown that raising the temperature and increasing the intensity of the shear deformations accelerates 
the transitions and decreases the values of the corresponding critical pressures. 

PACS numbers: 72.15.Eb, 62.50. +p 

The investigated shock-compressed ytterbium was 
99.9% pure, had an initial resistivity - 2 . 8 ~  0-cm 
a t  room temperature and atmospheric pressure, and a 
density 6.97 g/cmg. The dependence of the relative 
change of the resistance of the ytterbium on the shock- 
loading pressure, R/R, = f(P), where R,, and R a r e  the 
ytterbium resistances prior to and during the compres- 
sion and P is the shock-loading pressure, was obtained 
by performing a ser ies  of experiments (see Fig. 1) in  
which the loading pressure of a standard material with 
an inlayed ytterbium sample was known beforehand. 

The ytterbium sample was a sinusoid of ytterbium foil 
0.05 mm thick glued with epoxy resin between the layers 
of the standard material. The leads for the ytterbium 
sample were  str ips of copper foil. When necessary, the 
ytterbium sample was insulated from (metallic) the 
standard material with a film of ftoroplast-4 (Teflon) 
0.02 mm thick. The sample was compressed by a plane 
shock wave produced by exploding a cylindrical explo- 
sive whose strength was varied. Shock waves of differ- 
ent intensity were applied to the standard substances 
with the inserted ytterbium samples through copper and 
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