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Elastic properties of terbium
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The temperature dependence of the Young modulus along the crystallographic ards (E, andE,),
and the internal friction of a terbium single crystal have been measured. At £3 EndE, are equal to 38
and 84.5 GPa, respectively. The lattice part of the Young modulus and the Debye temperature has been
calculated. The origin of the Young modulus anomalies arising at the transition to the magnetically ordered
state is discusseiS0163-182806)00729-1

The rare-earth metal terbium has a hexagonal structure, The temperature dependence of the Young modulus and
and a magnetocrystalline anisotropy characteristically fothe internal friction measured along the crystallographic
heavy rare-earth metals with nonzero orbital moméfter-  andb axes are shown in Figs. 1 and 2, respectively. In Fig. 1,
bium undergoes two magnetic phase transitions: from pards; Shows a general trend to decrease with heating, display-
magnetism to a helical spin structure @f,, and from the ing minima in the vicinity of the magnetic phase transitions.
helical spin structure to a ferromagnetic statedat?* An The_ phase—transition temperatures were determined from the
external magnetic field destroys the helical spin structure at ROSitions of the minima orE.(T) as ®;=220 K and
critical valueH,, of the field. According to various investi- On=229 K. At 4.2 K, E, is equal to 84.5 GPa. In the tem-
gations, the value o lies in the range of 210-220 1§,  Perature dependence Qf ~ along thec axis (Fig. 1) there
in the range of 223.3—231 K, ard,=100-1000 O&" are two maxima corresponding &, gndN. The tempera-

The Young modulus &), elastic constantsc(;), ultra- ture dependence @&, (T) as shown in Fig. 2 differs signifi-
sonic attenuation, and internal frictio®@( 1) have been in- cantly from that ofE,(T). The Young modulus decreases

vestigated on polycrystalline and single-crystal samples o pon heating from 4.2 until about 150 K, and in the region of
terbium®-% Anomalies connected with the change of mag- _.° and®y a sharp increase d, is observed. In the para-
' m

X : agnetic phases,, decreases monotonously with heating. At
netic order were found in the temperature dependende of T=228 K there ig an anomaly which can be connected with

and c;; at the phase transitions. Most of the studies wergne transition a®,, . The temperatur®,_ was determined as
done with the help of ultrasonic methods at frequenciesne point of the most rapid change Hj, to be 220 K.

about 10 Mhz. Due to the relaxation character of the Young Take notice of the considerable rise in internal friction in
modulus and the internal friction at such a high frequencyine low-temperature region, which was observed in measure-
important information can be lost. At lower frequencies meaments along thé axis (Fig. 2). Earlier, a significant low-
surements were done on a single crystal above the liquid-
nitrogen temperature’

In this work, the measurements of the Young modules and
the internal friction of the terbium single crystals were made
in the temperature range 4.2—390 K and at the frequency 1.5
kHz. The Young modulusE) and internal friction Q1) of
the terbium single crystals were measured along the crystal-
lographicc and b axes. The elastic properties were deter- &
mined by the method of flexural autovibrations of a cantile- :n,
vered thin rod as described in Ref. 17. 60 - wmﬁw}g&%o =

The sample purity was 99.9 at. %. The crystal was ori- -
ented using a diffractometer. The sample was cut by the
electrospark method to the rod with dimensions &2k 0.2
mne.  After cutting, the sample was etched in a
HNO;-C,HsOH solution in order to remove the destroyed FIG. 1. Temperature dependence of the Young modilys
layer. The long edge of the sample was parallel to the crysecurve 1 and internal frictionQ ™! (curve 2 measured along the
tallographicb axis for E, measurements, and parallel to the crystallographic axis. The lattice part of, is shown by the solid
c axis for E, measurements. line.
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60 , , , | 15 The energy consideratiqfi) is consistent with a negative
55 L contribution to the anomaly of the Young modufésThe
| 1 mechanostriction contribution is high only in the vicinity of
_ S0k < = 110 the magnetic phase transition where the spins are weakly
S s §r : 7@, coupled, and the influence of mechanical stress on magneti-
S o zation is large. In the low-temperature region, the coupling
&540 o j s S between the spins becomes stronger, and the mechanostric-
35 3\.\\\/ 2 tion contribution to the Young modulus anomaly becomes
30 _\\% &99; large. So at Iowltemperatures, the Yourjg.modulus anpmaly
| Mwm s cannot be explained by the mechanostriction mechanism. In
255 100 500 300 400 addition, in the low-temperature region in terbium a positive

magnetic contributiorE (™ is observed.

In Ref. 26, the thermodynamic theory of second-order
phase transitions taking into account the relaxation process
was used for the description of the Young modulus anomaly
at the Curie point of an isotropic ferromagnetic single do-
main. The following equation was obtained for the Young
modulus anomaly caused by the mechanostriction of the
paraprocesé

Temperature [K]

FIG. 2. Temperature dependence of the Young modiys
(curve ) and internal frictionQ ! (curve 2 measured along the
crystallographic axi®. The lattice part oE,, is shown by the solid
line.

temperature value of the internal friction was found in jIﬁy,
Er, and Gd-Dy alloy$®?°In Ref. 21, this was explained by
the energy loss due to motion of narrow domain walls with

AE —AgE

high intrinsic coercivity caused by alternative mechanical —= -l , 1)

_ : . E,~ 1twl?
strains. The magnetic part of the Young modulus is calcu- '
lated asE™(T)=E,(T)—E|(T), where Eo,{T) is the

. . 2| 2

above experimentally determined value of the Young modu- A Y @
lus. The lattice part of the Young modulus is shown in Figs. E 2’
1 and 2 by solid lines. This shows the applicability of the T12h
modef?~2%for the analysis of the temperature dependence of
E(T) with the average Debye temperat@eg =175 K. The 1
calculated values of the lattice part of the Young modulus at r=— 3
T=0 K are as follows: for thé axisE,=57.65 GPa; for the K ﬂ 12812
c axis E,=81.5 GPa. In general, the curve fBf™(T) re- [

peats the behavior d(T) and E,(T). If we do not take
into account the domain structure of the sample, the maitvhere AE=E—E,; is the Young modulus anomaly at the
reasons for the appearance of the Young modulus anomaly &urie point, 7 is the relaxation timeAg is the relaxation
the transition to the magnetically ordered state are the foldegree of the Young moduluk,is the magnetization of the
lowing. sample,H is the magnetic fieldw is the frequency of the
(i) Additional magnetostriction deformations of the sample oscillationsy and 8 are the thermodynamic coeffi-
sample caused by the change in spontaneous magnetizati@i‘?”t& andk is the kinetic coefficient characterizing the ve-
under the influence of mechanical stresses acting on thi@city of approaching the equilibrium magnetic state. The
sample during the measurement. thermodynamic coefficient of magnetostrictigrcan be de-
(i) The change of crystalline lattice stiffness caused bytermined experimentally from the field dependency of the
spontaneoudor forced magnetostriction in the magnetic volume magnetostriction in the range of transition to the
phase. The magnetostriction arising under magnetizatiomagnetically ordered state. The value p¥1.8x10™° G2
leads to the establishment of modified interatomic distance¥as obtained from an analysis of the data of Ref. 27, where

with different values of bounding forces between the atomsthe field dependency of the volume magnetostriction of ter-
bium along theb axis was measured. Measurements of ter-

N W

FIG. 3. Temperature dependence of the magnetic Eaéﬂ‘i of
the Young modulus,. .
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bium magnetization along the axis®® made it possible to
determine=2x10"° G~2. Using these values of and 3,

and using E;=53.5 GPa at®,, we have calculated
AE,=-2.3 GPa. From Fig. 4 one can see that the anomaly
of E,, observed in the magnetically ordered state is consider-
ably higher. Thus this anomaly cannot be explained by the
mechanostriction mechanism only. However, the model pro-
posed in Ref. 26 was worked out for a ferromagnet, but
below O terbium is a helical antiferromagnet. Thus, in the
general case, it is necessary to take into account the influence
of the elastic stress not only on the ferromagnetic but also on
the helical spin structure. Furthermore, the existence of
domain structures must be considered. In Ref. 28, it was
established that the unmagnetized terbium consists of plate-
type domains separated by 180° domain walls lying in
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lattice stiffness was taken into account. As a result, a more

5 ; :
' ! general equation than Eql) was derived for the Young
ok = 4 modulus anomaly at the Curie point:
T 5| : ] AE  —AgE
Ay . e = T 2
8,_10_ | E, 1+w?7 el’Er, @)
Fa : or, forH=0 andw=0,
Fa 15 H T
20 / AE—_72E'+ = 5
N E 28 ®
_ 1 1 I |
25 100 200 300 400 wheree is the thermodynamic coefficient, ahgthe sponta-
Temperature [K] neous magnetization.

The second term in Ed4) is due to the stiffness change.
_ On the contrary, it is the first mechanostriction term which
theF\I(iﬁ:' ;%rggﬁ ?ture dependence of the magnetic gt of does not have a relaxation character and does not depend on
9 b the frequency. The contribution from the change of stiffness
the basal plane. Such a structure must give a minimal meché{\f'” grow in the low temperature region b_ecaus_e of .“SIQg
o S It can be assumed that tiig, anomaly in terbium is con-
nostriction contribution to the change of the Young modulus ; : . .
. . . ' nected with a change of the stiffness of the crystalline lattice.
Ey, in the magnetically ordered state. This is confirmed byA arently, this is also the cause Bf rising upon coolin
our measurements df, in a weak magnetic field aligned TEE Si nif)ilt,:ant difference in the tem erat%repde ender?é of
along theb axis, and by the data of Ref. 7. In the ferromag- 9 : m)p (m) P y
netic phase in the field where the domains can already exis%.he Y(_)ung modulus magnetlc_paﬁé_ andE . (the nega-
ive sign of E{™ and the positive sign of (™ in the low-

the change oE,, caused by the field is negative, and equalstemperature regioncan be explained by the strong anisot-

3% of the Young modulus anomaly arising in the magnetl-ropy of the coefficient and its different sign for the andc
cally ordered state.

The third reason is probably the mechanism mentioned*€>:
above, connected with the crystalline lattice stiffness change This work was supported by the international Association
caused by the magnetostriction. The model proposed in Refor the Promotion of Cooperation with Scientists from the
26 was developed in Ref. 29, where the change of crystallinendependent States of the Former Soviet UnitMiTAS).
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