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The concentration dependences of the magnetic, magnetoelastic, and electric properties of single-crystal 
terbium-gadolinium alloys have been investigated. A restructuring of the Fermi surface has been observed 
at small gadolinium contents in the alloys. It is shown on the basis of the experimental data on the 
anisotropy of the paramagnetic Curie points that the magnetic anisotropy in the terbium-gadolinium alloys 
is due mainly to the single-ion crystal-field mechanism. 

PACS numbers: 75.25. +z, 75.30.Gw, 75.50.Cc, 75.80. +q 

Indirect exchange interaction and magnetic ordering in The magnetostriction and the thermal expansion were 
heavy r a r e  earth metals (HREM) depend substantially on measured with strain gages having a small galvanomag- 
the energy spectrum of the conduction electrons and on netic effect. The magnetic properties were investigated 
the singularities of the topology of the Fermi with a vibration magnetometer. The resistivity was de- 
The influence of the deformation of the Fermi surface on termined by a standard four-contact method with a po- 
the magnetic properties can be observed by simulta- tentiometer circuit. 
neously investigating the magnetic and electric proper- 
ties of single-crystal rare-earth alloys. Furthermore, 
a s  shown by Irkhin and Karpenko,CS1 the study of the mag- 
netic anisotropy of rare-earth alloys in wide range 
concentrations can explain the nature of the magnetic 
anisotropy and distinguish between the contributions of 
the crystal field and the exchange interaction. Thus, 
data on the magnetic, magnetoelastic, and electric 
properties a re  essential if a choice is to be made be- 
tween the actual physical mechanisms used in modern 
magnetism theory. However, single crystals of HREM 
so far  have been little investigated. ["'I Worthy of 
note a re  the contradictory conclusions concerning the 
role played in the magnetic anisotropy of REM and of 
their alloys by the exchange and single-ion magneto- 
crystal  interaction^.^^*^*^' 

We have investigated here the magnetic, magneto- 
striction, and electric properties of the rare-earth 
terbium-gadolinium alloys, for the purpose of obtaining 
information that contributes to the solution of the afore- 
mentioned problems. Single crystals of alloys of the 
terbium-gadolinium system were grown by drawing from 
the melt (by the Czochralski method). An analysis of the 
impurity concentration has shown that the contents of 
oxygen, hydrogen, and nitrogen do not exceed 0.01, 
0.001, and 0.01 wt. %, respectively, and the combined 
concentration of the metallic impurities did not exceed 
0.01 wt. O/o. By determining the terbium contents in 
longitudinal and transverse cuts, we confirmed that the 
components a r e  uniformly distributed over the length 
and cross section of the single crystals. The samples 
used to measure the resistivity were cut with a diamond 
disk in the three crystallographic directions (1010), 
(llZO), (OOOl), i. e., along the axes a ,  b, and c. The 
magnetization, magnetostriction, and thermal expan- 
sion were measured in disks of 0.7-0.9 cm diameter 
cut in the (ab) and (bc) planes. The samples were etched 
in a solution of nitric acid in alcohol and annealed in 
vacuum. The orientation along the indicated crystallo- 
graphic directions was by the Laue method. 

The resistivity p(T) was measured in the temperature 
interval from 4.2 to 480 K. Above the magnetic-order- 
ing temperature E,, at  T>400 K, the resistivity of all 
alloys increased linearly with temperature both in the 
basal plane and along the hexagonal axis. The values of 
dp/dt determined experimentally in the paramagnetic 
state a r e  shown in Fig. l a .  The variation of the topolo- 
gy of the Fermi surface in the course of the alloying of 
terbium with gadolinium can be traced by using the known 

where i stands for the axes a, b, and c, and C,dSi  is  the 
projection of the Fermi surface on a plane perpendicular 
to the axis a, b, or  c.  In the paramagnetic state we 
have dpM/dT =o,~"'  i. e - 9  

According to the data of ~olkenshtern and c o - ~ o r k e r s " ~ ~  
the contribution p, due to electron-electron scattering 
remains practically unchanged in the case of HREM. As 
seen from Fig. la ,  dp/dT increases weakly along the c 
axis and decreases along the a and b axes when gadolini- 
um i s  added to the terbium. It can be concluded on the 
basis of (1) that addition of gadolinium to terbium de- 
creases somewhat the projection of the Fermi surface 
on the plane perpendicular to the c axis, and increases 
i ts  projections on the plane parallel to the hexagonal 
axis. This seems to correspond to a vanishing of the 
ribbon singularity of the Fermi surface of terbium,c131 
a singularity responsible for the establishment of the 
antiferromagnetic order of the magnetic moment in ter-  
bium. 

Definite information on the deformation of the Fermi 
surface can be obtained also by estimating the deviation 
of the real  Fermi surface S from the a rea  of the Fermi 
surface of the free electrons S, , , ,  from the r e l a t i ~ n " ~ '  
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FIG. 1. a) Concentration depen- 
dences of dp/dT in the paramag- 
netic region along the axes b 

S fr el / S  (curve I), a (curve 2) ,  and c 
(curve 3) .  b) Concentration de- 

sk , , f : , : . pendence of the ratio 
2 

Th 20 40 60 80 Gd 
c. at % 

Here Sf,,, is  the area  of a certain hypothetical spherical 
Fermi surface in the presence of n free electrons per 
atom, and Z i s  the Ziman parameter: 

where M is the molecular weight, k ,  is Boltzmann's 
constant, 0, is the Debye temperature, and D is the 
Debye radius. 

We have separated p, and dpe/dT by using the results 
of measurements of the resistivity of single-crystal 
lutetium by a method described earlier inc12'151. The 
value of dp;,,/d~ for the crystallographic direction i was 
determined from the relation 

The values of 0, and D were obtained for the given alloy 
by using a linear interpolation from the values for pure 
metals.c1e1 Our calculations have shown that for alloys 
of the Tb-Gd system, in a wide range of concentrations, 
the Fermi surface is almost independent of composition 
and changes insignificantly at low gadolinium concentra- 
tions (Fig. lb). 

According to our results, a t  temperatures both below 
and above the point G,, an appreciable contribution i s  
made to the resistivity by scattering from magnetic in- 
homogeneities. 

Figure 2 shows the determined resistivity component 
(PM),, due to spin disorder in the paramagnetic state. 
To separate p,,+pe we used the data for single-crystal 
lutetium, which i s  an HREM and has no magnetic disor- 
der. The technique of separating p ,  p,,, and p, was 
described The magnon contribution to the 
resistivity, (p,),, increase monotonically in the basal 
plane with increasing gadolinium concentration, and the 
anisotropy of (p,),, decreases. At low gadolinium con- 
centrations this contribution is seen to decrease along 
the c axis. 

In the case of binary alloy of the Tb-Gd type, the mag- 
netic contribution to the resistivity in the paramagnetic 
region can be represented. in the form 

spin S and the de Gennes factor G = ( g  - 1)' J(J + 1) to the 
corresponding components of the alloy A$,_,; v, i s  the 
atomic volume, m* i s  the effective mass of the conduc- 
tion electrons, and k ,  is the Fermi wave vector. 

In analogy with the earlier calculationsc41 we have 
found that m* =2.68me, r = 5 . 9 8  eVo A3 for gadolinium 
and m* = 2.82 me, r = 5.96 eV . A3 for terbium. Since 
formula (5) was derived in the isotropic approxima- 
tion,["] without allowance for the energy gap in the 
spectrum of the conduction electrons, it follows that the 
comparison of the experimental results with the theory 
is more acceptable for the basal plane. The spins of Tb 
and Gd differ insignificantly, and the s-f exchange pa- 
rameters calculated for them a r e  almost equal. For 
this reason, the third term in (5) does not exceed 2.5% 
of the total value of the magnetic contribution to the re-  
sistivity p; in the basal plane. The theoretical depen- 
dence of pi on the concentration (dashed in Fig. 2) de- 
scribes satisfactorily the experimental data. 

The expression obtained for the residual resistivity 
of HREM isC"] 

Here pi? i s  due to the difference v,, =v, - v, of the Cou- 
lomb potentials. The residual magnetic resistivity 
p? is proportional to (I?, S, - I', S,)'. According to the 
estimate made above, py is small in these alloys. The 
dependence of pre" on the concentration i s  close to x(1 
- x), and the values of dB" a r e  determined by the contri- 
bution pit: made by the scattering from the imperfec- 
tions of the crystal lattice. 

The level can be estimated from the value of preS 
in Tb and Gd, where p y  =pi? = 0. In alloys with one 
magnetic component (e. g., T ~ - Y [ ~ ~ ~ ) ,  p y -  (r ,  s,)' and 
greatly exceeds the observed values of p r  in Tb-Gd 
alloys. Thus, for example, a t  x =O.  5 in the system Tb- 
Y we have pl,'Pes =32x and =2.5X10" 52-cm a s  
against pl,re"=O. 83x10'6 and p;;'S = 0 . 6 ~ 1 0 ' ~  52-cm for 
Tb-Gd at x =O. 5. The electron shells of the terbium 
and gadolinium ions a r e  closer in their structure than 
the  electron structure of the yttrium ions. This is re- 
flected in the difference between the values of v,, esti- 
mated from the experimental data on pres for the sys- 
tems Tb-Gd and Tb-Y. The difference between the Cou- 
lomb potentials of terbium and gadolinium i s  vT,-,,o=2.69 
eV AS a s  against the much larger v,,, = 5.23 eV. AS. 
These facts indicate that the theory developed by Dek- 

FIG. 2. Concentration depen- 
dences of the magnon compo- 
nents of the resistivity (pM)- 
in the paramagnetic region for 
the axes b (curve I), a(curve 2) 
and c (curve 3) and of the resid- 

20 ual resistivity (curve 4). 

where the subscripts a and b relate the exchange r, the 
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FIG. 3. Relative elongation of the 
alloy Tb+ 6  at.% Gd in thermal ex- 

- ZOO pansion: Curves 1-H I l  g 1 1  b, H  
-400 = 10 kOe; 2-g I I  c, H =  0 ,  3-H I l  b: 

-1 gll c, H = l O  kOe; 4-gII b, H = O  
(g i s  the measurement direction). 

-2 
b) Longitudinal galvanomagnetic 
effect along the easy-magnetiza- 
tion in the crystal Tb+ 6  at. % Gd: 

-3 curves 5 -H= 7 kOe, 6 - H =  11 
kOe . 

ker describes satisfactorily the singularities of pres 

in HREM alloys. 

The results of the investigation of the magnetostriction 
properties and of the thermal expansion a r e  shown in 
Figs. 3 and 4. In the region of the magnetic-ordering 
temperatures there a r e  superimposed on the phonon 
part of the thermal expansion strong spontaneous mag- 
netostriction deformations whose values in the single- 
domain state can be obtained from the plots of A1/1 
against T when an external magnetic field H is applied 
and destroys the domain structure. The presence of a 
strong lengthening along the hexagonal axis a t  212 K and 
of a minimum on the plot of A1/1 against T near 212 K a t  
H =O (Fig. 3, curve 4) indicate that in Tb +6 at.% Gd, 
just a s  in Tb, a transition from the antiferromagnetic to 
the ferromagnetic state takes place a t  0,. In addition, 
the presence of two temperatures, 0, and 0,, in the Tb 
+6 at.% Gd alloy is confirmed by the anomalous temper- 
ature dependence of the galvanomagnetic effect: two 
minima a r e  observed on the AR(H)/R curve, and in 
weak fields the temperature of the low-temperature 
minimum of AR(H)/R coincides with the temperature 
of the sharp change of the crystal-lattice parameters on 
the relative-elongation curve, Fig. 3. In alloys with 
30 at.% Gd and more, no anomalies connected with the 
first-order transition a re  observed a t  the point 0, on 
the AR(H)/R and Al(T)/l curves. 

Calculations of the band structure by the augmented- 
plane wave method give grounds for assuming that the 
Fermi surfaces for Tb and Gd a re  quite close in their 
structure.c131 The Fermi surface of Tb, however, dif- 
fers  significantly in that it has a "ribbon singularity" on 
the boundary of the third and fourth zones, and this sin- 
gularity contributes to the appearance of antiferromag- 
netic ordering. The absence of this Fermi-surface ele- 
ment in the case of gadolinium causes them not to have a 
canted magnetic structure. When Tb is alloyed with Gd, 
antiferromagnetic ordering is observed only a t  a gado- 
linium content less than 6 at.%. It is  precisely a t  these 
concentrations that a certain change takes place in the 

O C ~ ~ ~ , ,  , ldEdeg-' z k ~ ~ - >  FIG. 4. Magnetoelastic proper- 

2 
ties of alloys of the Tb-Gd sys- 

A Y ~ ~ O ~  ?iflok pansion tem: a) along coefficient the hexagonal of thermal axis ex- 

(curve 1) and in the basal plane 
(curve 2); b) magnetostriction 
constant hY2 (line 1); spontaneous 

3000 . striction along the b axis, )bb 

2000 (line 2); spontaneous striction 
hOc along the c axis (curve 3); 

1000 temperature 4.2 K .  

0 
T b  20 40 60 80 Ld 

c.at % 

structure of the Fermi surface, a s  indicated by the data 
on the electric properties (Fig. 1). It appears that the 
vanishing of the ribbon singularity in the alloys of the 
Tb-Gd system takes place a t  a Gd concentration exceed- 
ing 6 at.%. The size of the entire Fermi surface, char- 
acterized by the ratio Sf, ,,/S, likewise changes some- 
what near 6 at.% Gd (Fig. lb). 

The spontaneous magnetostriction deformations A,, 
along the c axis and &,, along the b axis were determined 
by us by subtracting the phonon part of the thermal ex- 
pansion (A l/l),h from the experimental (A l/1)" and (A I/ 
1)' curves measured in a magnetic field applied along 
the easy-magnetization axis. The value of (~ l / l ) , ,  for 
each alloy was obtained from the thermal-expansion 
curves of lutetium, which has no magnetic component of 
the thermal expansion, with incorrection introduced for 
the difference between the Debye  temperature^.^'^ Xo, 

and Xoc have different concentration dependences: Xo, 
decreases monotonically when Tb i s  fused with Gd, 
whereas A,, has a minimum in the concentration region 
60-70 at.% Gd, and with further increase of the gado- 
linium content Xoc increases rapidly (Fig. 4). The mag- 
netostriction constant XY2, equal to the difference between 
the longitudinal and transverse magnetostrictions in the 
basal plane, decreases linearly with increasing gadolin- 
ium concentration. 

The values of the thermal-expansion coefficients a t  
320 K change very little in a wide range of concentra- 
tions (Fig. 4a). The decrease of a' and a" for alloys 
with large Gd contents is apparently due to the magnetic 

if' '99-- $ 1 1  
8s ?lJ 4 0  60 80 Gd 

c,at .% 

FIG. 5 .  Critical temperatures of magnetic ordering O2 (1) and 
paramagnetic Curie points Of (2), TI9 (3), Oi(4) for alloys 
of the Tb-Gd system. 
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c , a t  ' 1 )  

FIG. 6. Effective magnetic moment perf (1) and magnetic 
anisotropy of alloys of the system Tb-Gd: curve 2-plot of 
a 3 ~ ~ P q 1 Y / ( 1 .  633-c/a), 3-anisotropy of the paramagnetic 
Curie points; 4-anisotropy of the paramagnetic Curie points 
in alloys of the Tb-Y system. 

contribution to A1/1 at  320 K (the Curie points of these 
alloys a re  close to each other a t  room temperature). 

The influence of the short-range magnetic order mani- 
fests itself also in the deviation from the Curie-Weiss 
law for the paramagnetic susceptibility a t  temperatures 
50-70" higher than 0,. At higher temperature, the re -  
ciprocal paramagnetic susceptibility )(-'(T), measured 
up to 550 K, varies in accord with the Curie-Weiss Law. 
From the slopes of the experimental )(-'(T) curves we 
determined the effective magnetic moments per atom. 
perf decreases linearly with increasing gadolinium con- 
tent in the alloy, with per, =7.9 ps  for Gd and perf 
= 9.6 pB for Tb. 

By extrapolating the linear section of the )(-'(T) curves 
to zero we determined the paramagnetic Curie points 
@: (magnetization in the basal plane) and @: (magnetiza- 
tion along the hexagonal axis). With increasing gado- 
linium content, (3: and d j  increase monotonically, while 
the difference A ep = @,I - Oj decreases (Figs. 5 and 6). 
The anisotropy A 0, of the paramagnetic Curie points 
varies nonlinearly with the concentration. The para- 
magnetic Curie point T I Y ,  calculated for a polycrystal- 
line sample from the formula 0p""lY = 5(20gpl+ Oj) has a 
nonlinear dependence on the alloy composition (Fig. 5), 
in contrast to the temperature O, of the magnetic order- 
ing. 

In HREM alloys, the uniaxial magnetic anisotropy con- 
stant can be expressed in terms of A O,Yly with allow- 
ance for the deviation of the hexagonal crystal lattice 
from the ideal hexagonal close packed l a t t i ~ e : ~ ~ ' ~ ~ '  

We estimated the effect exerted o n e  by the tempera- 
ture dependences of the parameters a and c by starting 
from the obtained experimental data on the thermal ex- 
pansion of the Tb-Gd alloys. It follows from the calcu- 
lations that this effect can be neglected. The depen- 
dence of A @,A on the concentration, with allowance 
for the change of the lattice parameters in the investi- 
gated alloys [ ~ q .  (7)] is shown in Fig. 6. Since K :  de- 
creases linearly with increasing gadolinium content in 
the alloys, this allows us to conclude that in the Tb-Gd 
system the magnetic anisotropy is due mainly to single- 

ion magnetocrystal interaction. In the magnetostriction 
due to the rotation of the magnetization in the basal plane 
(the constant AY2 in Fig. 4), the single-ion contribution 
also predominates, as indicated by the linear dependence 
on the composition. The results agree with the conclu- 
sions of an earlier of the temperature 
dependence of AY2, where i t  i s  shown that x*(T) for the 
alloy Tb + 50 at.% Gd is adequately described by the for- 
mulas of the single-ion theory. 

Some deformation of the Fermi surface takes place in 
Tb-Gd alloys, according to our calculations, at low 
gadolinium concentrations. This realignment of the 
electronic structure is negligible and does not affect 
the concentration dependence of the paramagnetic Curie 
points, the magnetic anisotropy, and the magnetostric- 
tion constants. The electric properties turn out in this 
case to be more sensitive. To the contrary, when ter-  
bium is alloyed with yttrium, a substantial restructuring 
of the Fermi surface i s  observed, and manifests it- 
self in a jumplike change of the temperature coefficients 
of the resistivity in the paramagnetic region near 40-50 
at.% yttrium, and in a deviation of the anisotropy of the 
paramagnetic Curie points A 0, from the concentration 
dependence expected for the single-ion theory (Fig. 6). 
In Tb-Y alloys containing only one magnetoactive rare- 
earth atom-the terbium atom (the magnetic moment of 
yttrium i s  zero), A@, is a constant according to this 
theory. The results discussed can be attributed to the 
fact that in the case when a strong change takes place 
in the topology of the Fermi surface, a change occurs 
in the contribution made to the magnetic anisotropy on 
account of the anisotropic exchange connected with the 
pair intera~tion. '~ '  

In conclusion, we thank Professor K. P. Belov for 
valuable remarks made in the course of the discussion 
of the results. 
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Interactions between electrons and a strong piezoacoustic 
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The behavior of electrons trapped by the field of a strong piezoacoustic wave in nondegenerate 
semiconductors is studied. The resonant absorption of microwaves due to the quantization of one of the 
electron momentum components in the wave field and the effect of intense ultrasound on the 
gatvanomagnetic properties of the crystal are considered. 

PACS numbers: 72.50. +b, 72.20.M~ 

An ultrasonic wave (USW) of sufficiently high frequency 
and intensity can materially change the character of the 
motion of electrons in a crystal. A number of specific 
effects ar ise  here, dependent in a nonlinear way on the 
intensity of the USW. Some of these effects have been 
investigated in a number of re~earches.~"" In particu- 
lar, a quantum effect was considered in Ref. 1 and con- 
sists of the change in the energy spectrum of the elec- 
trons in the field of a strong hypersonic wave (v>log Hz); 
the effect of spatial redistribution of electrons in the 
field of a USW on sound propagation was studied in 
Refs. 2-4. 

In the present paper, we study the behavior of elec- 
trons trapped by the field of a strong piezoacoustic wave 
in nondegenerate semiconductors. The resonant absorp- 
tion of microwaves, connected with the quantization of 
one of the components of the momentum of the electron 
in the field of the wave, and the effect of a strong ultra- 
sonic signal on the galvanomagnetic characteristics of 
the crystal, a re  investigated. 

I. RESONANT ABSORPTION OF MICROWAVES 

1. Formulation of the problem. The energy spectrum 
of the electrons. Consider the interaction of free elec- 
trons with a powerful ultrasonic wave in a nondegenerate 
piezo-semiconductor (n-type) with isotropic and quadrat- 
ic dispersion law E =p2/2m*. In the effective-mass ap- 
proximation, the action of the wave on the electron re-  
duces to the classical non-stationary potential field 

where s is the sound velocity (in the case of a cubic 
crystal, we deal with transverse sound), Vo is expressed 
a s  a known function of the piezomoduli, of the dielectric 
tensor, and of the displacement vector in the USW. We 

shall be interested in the condition in which V, >> T (the 
temperature is  in energy units). At a displacement am- 
plitude u, = lom9 cm, wave frequency o = 2r .  10' sec-', 
V, = 176 K for GaAs and V, = 62 K for InSb, the required 
power flux is 3.5 w/cm2 and 1.7 w/cm2, respectively. 

After the carr iers  reach equilibrium with the wave, 
they will execute finite motion in y in small  (by virtue 
of the condition T << V,) vicinities of the minima of the 
potential (1). In a system of coordinates moving with 
the USW, such a motion corresponds to stationary states 
with quantum energy levels very close to the levels of 
the harmonic oscillator En = tin(n+ $), n = 0,1,2, . . . , 
where CZ = ( V, ~z~/rn*) ' /~ .  The total energy of the elec- 
tron is equal to En + (PI +p4)/2m*, and i ts  spectrum is, 
of course, continuous. The effects of anharmonism a r e  
connected with the deviation of the actual potential 
V,, cos ky from parabolic and become significant only at 
large numbers n. However, these levels a r e  practically 
unpopulated a t  T << V,. For the values of o and u, used 
above, we obtain 52(GaAs)=3.77~10~' sec-' (E52~3 K) 
and 52 (InSb) =7.54x10"sec-' ( t in= 6 K)." Strictly speak- 
ing, each of the found levels i s  spread out into a band 
because of the periodicity of the potential (1). However, 
it is easy to prove that the tunnel transparency of the 
barr iers  in the considered case is entirely negligible, 
i. e., the conditions of applicability of the strong-cou- 
pling approximation a r e  satisfied by a wide margin, and 
we can neglect the widths of the bands. 

The condition of good resolution of the discrete levels 
imposes a restriction on the momentum relaxation time 
T of the electrons. That is, the inequality 527 >I ,  o r  
~ L ( V , , / T ) ~ / ~ >  1 must be satisfied, where L is the free 
path length of the electron. Finding T from the expres- 
sion for the mobility, we obtain the conditions p (GaAs) 
>7.2 x lo4 cm2/v-sec, p (1nSb) > 1. 7x105 crn2/v-sec. 
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