
Study of the electron structure of single crystals of terbium-yttrium alloys by the 
positron annihilation technique 

V. P. Komlev, V. I. Kudinov, S. A. Nikitin, Yu. V. Obukhov, V. P. Posyado, and 
Yu. V. Funtikov 

Institute of Theoretical and Experimental Physics 
(Submitted 10 November 1986) 
Zh. Eksp. Teor. Fiz. 92, 1868-1874 (May 1987) 

The electron structure of Tb, - ,Y, single crystals is investigated by measuring the angular 
distribution of the annihilation photons. An alteration of the Fermi surface, for yttrium 
concentrations x < 0.4, is revealed by the changes in the characteristic angular-distribution- 
function features related to the shape of the electron-momentum distribution function. The 
contributions of the s- and d-electrons to the valence band are estimated. It is shown that the 
change in the wave vector of the helicoidal magnetic structure, which occurs on alloying 
terbium and yttrium, depends on the change in the thickness of the "ribbon" in the hole Fermi 
surface. 

INTRODUCTION 

In alloys of terbium with yttrium Tb, -,Y,, which 
have below the NCel point an antiferromagnetic helical 
structure, a sharp change is observed in the magnetic, mag- 
netostrictive, and electrical properties functions of the yt- 
trium concentration near the x-0.4. This anomaly 
cannot be caused by structural transformations, since the 
alloys are solid solutions whose hexagonal crystal lattice 
changes very little on melting.3 On the basis of a theoretical- 
ly established relationship between magnetic ordering and 
the topology of the Fermi ~u r f ace ,~  it had been proposed' 
that in the region of values ofx -0.4 an electronic transition 
takes place in these alloys and is connected with a change in 
the topology of the Fermi surface. 

The use of traditional methods of experimentally inves- 
tigating the Fermi surface of alloys of the rare earth metals 
(REM) is made difficult by the strong scattering of the con- 
duction electrons by magnetic inhomogeneities, which takes 
place at temperatures below the NCel point down5 to 4.2 K. 
Therefore in this study the angular distribution of annihila- 
tion photons (ADAP) emitted following two-photon posi- 
tron annihilation is measured to investigate the electronic 
structure of Tb, -,Y, alloys. 

EXPERIMENT 

The technique of carrying out the experiment is de- 
scribed in detail in Ref. 6. The measurements were carried 
out on equipment having a long-slit geometry with an angu- 
lar resolution 0.4 mrad. The radioactive isotope C d 4  with an 
activity of 300 mCi served as the positron source. The geom- 
etry of the experiments is shown in Fig. 1. The counting of 
photons passing through collimators K, and K, was accom- 
plished with two scintillation detectors, D, and D, with 
NaI(T1) crystals, which were placed along the X axis. The Y 
axis is perpendicular to the plane of the figure. The Z axis is 
vertical. In this system of coordinates the unit measures the 
number of coincident annihilation photons picked up by the 
detectors as a function of the divergence angle, N ( 0 ) .  The 
momentum componentp, of the annihilation electron-posi- 
tron pair is then given by the relationship7 

where m, is the electron rest mass and c is the velocity of 
light. Since at the instant of annihilation the positron is ther- 
malized, p, is determined only by the electron momentum, 
that is, ADAP reflects the characteristic features of the elec- 
tron-momentum distribution in the substances investigated. 

The technique of preparing single-crystal Tb, - , Y, al- 
loys and the determination of the content of metallic and 
gaseous impurities are considered in Ref. 8. Because of the 
low impurity content, of the insignificant and monotonic 
change in grain size and disorientation angles, and of the 
absence of phase secretions, it is possible to neglect the effect 
of structural defects on the shape of the Fermi surface. 

The alloy samples were single-crystal disks with a diam- 
eter of 8 to 10 mm and a thickness of 3 to 4 mm. During the 
measurements they were arranged so that the disk axis coin- 
cided with the Z axis of the unit. Since the momentum distri- 
bution is anisotropic in Tb, - ,Y, alloys, two series of single- 
crystal samples were investigated. In the first series the 
crystal c [0001] axis was in the plane of the disk, withp,lc. 
In the second series the crystal axis coincided with the disk 
axis and p, Ilc. For convenience, the experimental param- 
eters of ADAP and the values calculated from these data will 
be designated by the indexes 1 and 1 1  respectively for each 
series. The error in determining the angular orientation of 
the samples with respect to the axis of the recording system 
did not exceed 2". 

The experimental results, which were obtained for the 

FIG. 1. Experimental geometry: C, and C, are collimators, D, and D, are 
scintillation detectors; 0 is the sample under study; S is the positron 
source. Left and right-immobile and mobile arms of the device. 
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N(B), rel, units 

FIG. 2. Distribution of the number of coincidence counts as a function of 
the angle 8 for the alloy Tbo,,3Yo,3, ( p , l c )  I-experimental curve; 2- 
calculated N(B ') dependence; 3-calculated dependence of the modulus 
of the derivative IdN/dB I as a function of the angle 0. 

alloy Tb,,, Yo,,, , are presented in Figs. 2 and 3 as an exam- 
ple. The quadratic abscissa scale is used to show the angle 
regions in which the ADAP has the shape of a parabola. The 
derivative modulus IdN /d8 ( was calculated as a function of 
the angle from these data. Values of the angles el ,  8,, and 8,, 
which correspond to extrema of this dependence, will be 
used in discussion of the results. The experimental curves are 
similar in form for Tb, - ,Yx alloys of other compositions, 
but the angles 8, to 8, and the areas under various parts of 
the ADAP graphs are different. A total of 12 samples was 
investigated. Each experiment lasted 10 to 12 hours and 
yielded a total of 5 x lo5 events in each distribution. 

where A (p, ) is the number of occupied electron states in a 
plane cross section of the Fermi surface in a periodic zone 
system at a distancep, from the origin in momentum space; 
F(p, ) is the probability that an electron with momentump, 
annihilates with a thermalized positron. F(p, ) varies little 
with p, within the Brillouin zone, and decreases near its 
boundary. In the investigated alloys the crystal lattice pa- 
rameters monotonically increase with increasing yttrium 
content. The ensuing change A8 in the angle corresponding 
to the boundary of the Brillouin zone does not exceed 0.03 
mrad in Tb, - ,Y, alloys, which is significantly less than the 
uncertainty A8, ~ 0 . 3 5  mrad caused by the thermal motion 
of the positron.10 On the assumption that the function F(p, ) 
is the same for all alloys in the Tb, -, Y, system, the changes 
of the ADAP can be used to track changes of the areas of the 
Fermi-surface cross sections perpendicular to p,. 

The linear dependence of N on 8 atp, l c  (Fig. 2) can be 
explained by the fact that a group of valence electrons par- 
ticipates mainly in the annihilation processes at small angles 
( 8 , l ~  5 mrad). In this case the Fermi surface has the shape 
of a sphere. In the approximation in which the wave function 
F(p, ) is the same for all alloys of the Tb, - ,Y, system, with 
changes being constant, we get from (2)  a simple relation 
between the ADAP and the electron momentum p, (Ref. 
11): 

DISCUSSION OF RESULTS 

The experimental data can be interpreted on the basis of 
the results of theoretical ADAP calculations based on the 
independent-particle model and on the relativistic augment- 
ed plane wave (APW) m e t h ~ d . ~  For N(8)  = N(p,/m,c) 
the following expression was obtained: 

N(B), rel. units 

".O Rk 

FIG. 3. Distribution of the number of coincidence counts as a function of 
the angle B for the alloy Tb,,, Yo,,, (p, Ilc) : I-experimental curve; 2- 
calculated N(B ') dependence; 3-calculated dependence of the modulus 
of the derivative IdN/dB I as a function of the angle 0. 

wherep, is the Fermi momentum. Consequently the N(8)  
plot has in this the shape of a parabola, while the angle 8: 
(Fig. 2) should correspond to the Fermi momentum p i  of 
the conduction electrons. 

To estimate the contributions to positron annihilation 
with valence electrons (S,, ) and with core electrons (S,) the 
area under the N(8)  curve was divided into corresponding 
parts.12 S, was found to be the area bounded by the curve 
N(8) ,  the ordinate axis and a straight line parallel to the 
abscissa and passing through the point having the abscissa 6, 
on the N(8)  curve (Fig. 2 and Fig. 3). S, was found as the 
difference between the total area under the N(8)  curve and 
S, . The concentration dependence of the ratios ;/S; is pre- 
sented in Fig. 4 (curve 4).  

According to our experimental data the ratio S A /S A as 
well as the value of 8 does not depend on the yttrium con- 
tent in the alloys (Si/Sh = 0.61 k 0.04; 8; ~ 4 . 5  mrad). 
These data indicate that the cross-section areas of the Fermi 
surface perpendicular to the base plane remains practically 
constant when terbium is alloyed with yttrium. 

The number k of conduction electrons per atom can be 
estimated by using a relation which is correct for free elec- 
trons, and takes the following form1, for an hcp structure: 

where h is Planck's constant; a, and c, are lattice param- 
eters. By using the known values of a, and c, for Tbl - ,Yx 
alloys3, Eq. ( 1 ), and the experimental values of 8 :, we esti- 
mated the number of conduction electrons per atom, k 1  
= 1.7-2.0, when the electron momentum lies in the basal 

plane. 
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x,  at. part. Y 

FIG. 4. Experimental dependences of the ADAP parameters in the alloys 
Tb, -,Y, (p,Ilc) as a function of yttrium concentration: 1-8 ;'; 2-8;; 
3-s&'/SW; GS:/S&'; 5--dp"/dT ('). 

It is known that the outer electron shell of yttrium 
atoms has a 4d 5s2 configuration, while that for terbium is 
5d 6s2 configuration. In the metallic state the zone I11 and 
"trunk" of the anisotropic hole Fermi-surface is made up 
mainly of s-bands14. The values of S;/SA and k that we 
obtained show that the main contribution to annihilation, 
for directions lying in the base plane (p,lc) is due to the s- 
electrons. It follows from our data that this contribution and 
"trunk" of the Fermi surface in zone I11 changes little when 
terbium with yttrium are alloyed. 

The ADAP curve forp, Ilc can be described by a super- 
position of two parabolas (Fig. 3 ). Apparently this indicates 
that s- and d-electrons participate in annihilation processes. 
This conclusion agrees with theoretical calculations (Ref. 
14), according to which the Fermi-surface cross sections 
perpendicular to the hexagonal axis c in zone IV are filled to 
a significant degree by d-bands. On the assumption that the 
angles 8 ; found experimentally from the ADAP curves cor- 
respond to a Fermi-momentump; = m& 8 ;, we estimated 
from Eq. (4) the value of k " and the total number ofs- and d- 
electrons per atom. The value of k " in the alloys Tb,,, Yo,,, 
and Tb,,, Yo,, exceeds three, and then decreases to k 2 ~ 2 . 7  
with increasing yttrium content. 

The maximum modulus of the derivative IdN /dB I near 
8, - 2 mrad, and the "hump" on the ADAP curve near 3 
mrad for p, Ilc, are typical characteristic features of heavy 
rare-earth metals and yttrium (Ref. lo),  and also, according 
to our data, of Tb, -,Y, alloys. As theoretical calculations 
of ADAP (Ref. 9) have shown, these characteristic features 
are associated with the fact that the function A (p, ), which 
characterizes the cross-section area of the Fermi surface, has 
a minimum at momentum values p, corresponding to the 
angle 8, ~2 mrad. This minimum is the result of the crowd- 
ing-out of the electron states during formation, in the hole 
Fermi-surface, of a "ribbon" that connects the symmetry 
points L and H at the boundary of zones I11 and IV (Ref. 
13 ). The thickness of this "ribbon" is equal to the modulus 
of the wave vector of the helicoidal magnetic structure (Ref. 

13), f = 2r/L, where L = rc,/a is the period of the struc- 
ture (a is the helicoid angle). The axis of the helicoid coin- 
cides with the hexagonal axis c of the crystal lattice of the 
Tb, -, Y, alloys (Ref. 15). In momentum space the modu- 
lus of the vector f corresponds to hf = 27r(a/c,). In this 
same space, the angle 8, determines the position of the "rib- 
bon" at boundary of zone I11 and IV. 

The change in the wave vector fif of a magnetic helicoi- 
dal structure on going from alloys with a high yttrium con- 
tent (x > 0.9) to alloys with a low yttrium content is, in angle 
measure, 

a, and a are the initial rotation angles of the helicoid at the 
NCel point, respectively, for alloys with high and low yt- 
trium content. 

According to neutron-diffraction mea~urernents'~ the 
helicoid angle monotonically decreases in Tb, - , Y, alloys 
with decreasing yttrium content, with a, ~ 5 0 "  for alloys 
with a low yttrium content and a ~ 2 7 "  for the Tb, ,  Yo,, 
alloy. On substituting these values and also the lattice con- 
stant c , ~  5.78 A in Eq. (5) ,  we obtain A(fif) ~ 0 . 5 4  mrad, 
which corresponds in order of magnitude to the difference 

A O i l ' =  (0i1')rnox- (Oi l ' )  ,i,%0.9 mrad, 

which we determined by investigating Tb, - , Y, alloys (Fig. 
4, curve 1 ) . This indicates that the increase of 0 ;' with de- 
creasing yttrium content in the alloys is caused by a decrease 
of the angle and wave vector of the helicoid. On the other 
hand, the increase of the angle 8 ;', which determines the 
position of the "ribbon" in momentum space, is uniquely 
connected with the decreasing thickness of the "ribbon" 
between points L and H of the hole Fermi-surface with de- 
creasing yttrium content in the alloys. A particularly abrupt 
change in the value of 8 ;' and fif is observed in the region of 
yttrium concentration x <0.4 (Fig. 4, curve 1). Thus our 
experimental data agree with the theoretical conclusions of 
Dayaloshinskii: (Ref. 4) that the wave vectors of magnetic 
helical structures in rare-earth metals are determined by the 
extremal diameters of the Fermi surface. 

With further decrease in the yttrium concentration 
(x < 0.09) a sharp decrease occurs in the values of 8 ;' and 
8; (Fig. 4, curves 1 and 2) by approximately the same 
amount. This decrease is explained by an additional restruc- 
turing of the Fermi surface. Apparently the restructuring is 
connected with a decrease in the number of occupied elec- 
tron states at the point M, since calculations show (Refs. 13, 
16, 17) that the structure of terbium has there at this point a 
hole Fermi-surface "shoulder" which is absent in yttrium. 

For a quantitative estimate of the ratio of annihilation 
probabilities in the two selected groups of s- and d-electrons, 
we turn to the experimental results presented forp, llcin Fig. 
3. The area S is proportional to the total number of states 
occupied by conduction electrons. The area S:, which is 
bounded by an upper parabola (dotted curve in Fig. 3), cor- 
responds to the relative number of states occupied by s-elec- 
trons. Consequently the area S; = S; - S j' characterizes 
the number of states occupied by d-electrons. The concen- 
tration dependence of the area ratio S ;/S j' is presented in 
Fig. 4 (curve 3 ) . The change in value of S ;/S as a function 
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of the yttrium content in the alloys can be attributed to a 
redistribution of conduction electrons among the s- and d- 
groups. This change can be compared with previously ob- 
tained results of a study of the electrical properties of the 
 alloy^.^ The following expression is correct for the tempera- 
ture coefficient of the electrical conductivity along the hex- 
agonal axis in the paramagnetic state 

where B is a constant; the integral indicates the sum of Fer- 
mi-surface projections on a plane perpendicular to the c axis; 
rph and re are relaxation times respectively via scattering on 
phonons and via scattering in multi-electron collisions. 

Estimates show that the change in relaxation times in 
Tb, -,Y, alloys does not exceed 10%. Consequently the 
steep change of dp"/dt with concentration (Fig. 4, curve 5 )  
indicates an increase in the value of the corresponding inte- 
gral at an yttrium content in the alloys x < 0.4. This is in 
agreement with the decrease in the number of occupied d- 
electron states at x < 0.4, as obtained from an analysis of the 
concentration dependence of the ratio S ,"/S:. The results of 
a zone structure calculation (Ref. 17) also show that in ter- 
bium the number of occupied electron states in zone IV de- 
creases as a result of the appearance of a "shoulder" Ma t  the 
hole Fermi surface. 

The presence of additional maxima, at angle values 8,, 
on the plots the modulus of the derivative IdN/d8 I vs the 
angle 8 for the basal plane (Fig. 2), and their absence for the 
direction p, Ilc (Fig. 3),  shows that annihilation with elec- 
trons on the ion core has an anisotropic character. One of the 
possible reasons of the anisotropy may be the contribution 
from annihilation with 4felectrons, which have in terbium 
an orbital momentum different from zero, and energy levels 
close to the energy of the conduction band.'' 

CONCLUSIONS 

The results of this study show that the method of mea- 
suring the angular distribution of annihil-.tion photons is 
effective in the study of the electron structure of rare-earth- 
metal alloys. Studies of Tb, -,Y, alloys conducted by this 
method showed that the characteristics of conduction elec- 

trons display a strong anisotropy, that is, a dependence of 
these characteristics on the direction of the electron momen- 
tum in the crystal lattice. It was concluded that in Tb, - , Y, 
alloys, at yttrium concentrations x < 0.4, a substantial res- 
tructuring of the Fermi surface takes place, from an "yt- 
trium" type ("ribbon," absence of a shoulder M in the hole 
Fermi-surface) to a "terbium" type (slight "ribbon", the 
presence of a shoulder M )  . Two groups of conduction elec- 
trons were singled out: s and d electrons. On alloying ter- 
bium with yttrium, a redistribution of the number ofs and d 
electrons takes place over the energy bands. This redistribu- 
tion has a definite effect on the restructuring of the Fermi 
surface of Tb, -,Y, alloys. 
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