
SOVIET PHYSICS JETP VOLUME 32, NUMBER 4 APRIL, 1971 

SCATTERING OF CONDUCTION ELECTRONS BY SPIN WAVES IN TERBIUM AND 

DYSPROSIUM SINGLE CRYSTALS 

N. V. VOLKENSHTEIN and V. P. DYAKINA 

Institute of the Physics of Metals, USSR Academy of Sciences 

Submitted May 11, 1970 

Zh. Eksp. Teor. Fiz. 59, 1160-1164 (October, 1970) 

Measurements were made of the temperature dependence of the electrical resistivity of terbium and 
dysprosium single crystals along the (0001] (c axis) and [1210] (a axis) directions. These measure
ments were carried out in the temperature range 4.2-370°K. The component of the resistivity due 
to the scattering of conduction electrons by spin waves was isolated. It was shown that this mag
netic component of the resistivity was anisotropic throughout the investigated range of tempera
tures: in the magnetically ordered state, we found that p~(T) > p~(T) and in the paramagnetic 
region, P& < pa. The anisotropy of the scattering by disordered spins, p~fpfu, was 1.2 for 
dysprosium anfl.l for terbium. The dependence Pm(T) was almost quadratic between 15 and 
40°K, 

THE present paper describes an investigation of the 
temperature dependence of the electrical resistivity 
p( T) of Tb and Dy single crystals along the principal 
directions [0001] (c axis) and (1210] (a axis). The pur
pose of this investigation was to isolate the magnetic 
component of the resistivity Pm(T). Until now, the 
results of measurements of p ( T) of rare-earth 
metals have been analyzed making some a priori as
sumptions about the nature of Pm(T).£1• 21 In contrast 
to this procedure, our method of analysis made it pos
sible to determine the nature of the temperature de
pendence, as well as its numerical parameters, with
out making any a priori assumptions about the function 
Pm(T). 

When the temperature dependence of the resistivity 
is separated into its components, it is usual to assume 
that the different mechanisms by which conduction 
electrons are scattered make additive contributions 
to the total resistivity: 

p(T) =Po+ p,(T) +Pm(T) + p,(T), (1) 

where p 0 is the residual resistivity; Pe(T) is the 
resistivity associated with electron-electron collisions; 
Pm ( T) and Pp( T) are the components of the resistivity 
due to the scattering of electrons by magnons (spin 
waves) and phonons, respectively. Generally speaking, 
we must make allowance for the influence of the internal 
magnetic field on the motion of electrons in a metal, 
which affects the electrical resistivity. In the case of 
nonmagnetic metals, this influence is manifested by 
the ordinary magnetoresistance and it is a function of 
the ratio l/ r ( l is the mean free path of the electrons 
and r is the radius of curvature of electrons in the 
magnetic field). However, since samples are usually 
not very pure (Table I), we can ignore this contribu
tion to p(T). In effective fields such that l/r « 1, we 
find that t:..p/p ex: (l/r)2 • For metals with 
p(300°K)/p(4.2°K):::; 10 subjected to a magnetic field 
H:::; 3 x 104 Oe, the relevant ratio is Z/r ~ 0.1, i.e., 
the contribution of the magnetoresistance is less than 
1% of the total resistivity p(T). 

Curves 1 and 2 in Fig. 1 represent the temperature-

Sample Orienta· Po·10', n. em p (300° K)-10', I· (300 °K)/p (4,2• K) tion fl.. em 

Tb { [0001] 6.2 100.2 16.2 
[1210] 7.8 136.6 17.5 

Dy { 
[OQ01] 5,6 76.8 13.7 
[1210] 6.4 114.7 17.9 

dependent components of the resistivity Pi( T) = p( T) 
- Po for Tb and Dy. In order to determine the depend
ence Pm ( T), we must subtract the electron-electron 
and electron-phonon components of the resistivity from 
the temperature dependence of the ideal resistivity 
Pi(T). In earlier investigations[1' 2l, the Pm(T) depend
ence of polycrystalline and single-crystal samples of 
Dy[ 3l was usually determined neglecting the value of 
Pe compared with Pp· However, this procedure is not 
generally justified because, at temperatures of the 
order of 10°K or less, the value of Pe is comparable 
with the other temperature-dependent contributions to 
the resistivity. 

A recent calculation of the Fermi surfaces of heavy 
rare-earth metals, [4 ] carried out using the augmented 
plane wave method and making allowance for the 
relativistic effects, has demonstrated that the Fermi 
surfaces of Tb, Dy, Er, and Lu are similar. More
over, these calculations show that the four metals have 
similar densities of states of electrons on the Fermi 
surface N(EF). This has been confirmed experi
mentally: the coefficient of the electronic specific heat 
y is practically the same for all four metals and equal 
to 10.5 mJ-deg-1 mole-1 .rsJ Thus, the electronic struc
ture of Tb, Dy, Er, and Lu is such that we may assume 
that the contributions Pe( T) of these rare-earth 
metals should, generally, be similar. 

The phonon component of the electrical resistivity 
Pp(T) can be eliminated by means of the Bloch
Gruneisen function. For this purpose, it is sufficient 
to know the characteristic temperature ® D and the 
phonon component of the resistivity at this tempera
ture Pp( ® n). The validity of the Bloch-Griineisen de
scription of the temperature dependence of the electri
cal resistivity of rare-earth metals has been checked 
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FIG. I. Temperature dependences of the various components of the 

electrical resistivity of terbium and dysprosium single crystals: I), 2) 
ideal resistivity Pi(T) = p(T)- Po along the directions [ 121 0) and {0001); 
3) ideal resistivity of po!ycrystalline samples; 4) phonon and magnetic 
components of the resistivity of poly crystalline samples (Pp + Pm); 5) 
magnetic component of the resistivity of poly crystalline samples Pm(T); 
6) Pm(T) along the [ 1210) direction; 7) Pm(T) along the [0001) direc
tion. 

for Lu, which is a paramagnetic metal.£11 The charac
teristic temperature ® D of Lu can be found from the 
resistivity by the standard technique described in[e] 
but in the case of Tb and Dy this temperature should 
be deduced from the elastic constants[7J (®n = 175°K 
for Tb and 180°K for Dy but no value is available for 
Lu). This is because the value of ®D of terbium and 
dysprosium cannot be found from the specific heat or 
the electrical resistivity due to the indeterminacy of 
the magnetic contributions (if these contributions are 
neglected, the value of ®n is underestimated). 

The dependences Pe( T) and Pp( T) for Lu were 
determined using the electrical resistivity data given 
in[ 81. The average value of ®n for Lu, deduced from 
p ( T) determined over a wide range of temperatures, 
is 140°K, which is in agreement with the results re
ported earlierYl At temperatures T < 0.1 ®D, i.e., 
below 15°K, an analysis of the temperature-dependent 
resistivity in accordance with the formula 

p,(T) = p.(T) + p.(T) =aP + bT', (2) 

gives the low-temperature value of Pp( T). We can 
then find quite easily the other parameters of Lu which 
are of interest to us: Pp( ®D); Pp( T) throughout the in
vestigated range of temperatures; and then Pe(T). It 
is found that the room-temperature value of Pe is 
quite large and represents about 0.2Pp· 

We shall now describe the method used in the deter
mination of Pm(T) of polycrystalline samples of Tb 
and Dy. Assuming that Pe( T) is the same for heavy 
rare-earth metals, we can write the magnetic compon
ent of the electrical resistivity of Tb (and similarly 
of Dy) in the following form: 

The values of Pp( ® n) for Tb and Dy, which are re
quired in the calculation of the phonon component of 

(3) 

the resistivity, can be found from Pp( T)Lu but with a 
correction for the atomic weight M and for the charac
teristic temperature. This correction is made on the 
assumption that, at temperatures T > ® n, the resistiv
ity is given by p a: kT/M®0, where k is a character
istic constant proportional to the radius of the Debye 
zone. However, these constants have similar values 
for heavy rare-earth metals and the correction for k 
has little effect on the final results. 

The curves denoted by 3 in Fig. 1 represent the 
temperature-dependent components of the electrical 
resistivity of polycrystalline samples of Tb and Dy. 
Subtracting from Pi( T) the value of Pe( T)Lu, we ob
tain curves 4, which represent only the scattering of 
electrons by phonons and magnons. Linear extrapola
tion of curves 4 to OoK gives the values of Pm in the 
paramagnetic region: 77 JJ.O-cm for Tb and 53 JJ.O-cm 
for Dy. Next, if the values of Pp( T) are subtracted 
from curves 4, we find that Pm( T) is independent of 
temperature in the paramagnetic region (curves 5 in 
Fig. 1) and is 75 JJ.O-cm for Tb and 54 JJ.O-cm for 
Dy. These values are in agreement with the magnetic 
components of the resistivity found by extrapolation of 
the curves denoted by 4. This agreement confirms the 
correctness of the procedure used to find the magnetic 
component of the electrical resistivity of Tb and Dy. 

To be able to find Pm(T) for various directions in 
single crystals of Tb and Dy, we have to know the 
value of (Pe + Pp) for each of these directions at every 
temperature. In the case of Lu, we know these quanti
ties as well as the coefficients A1 and A2, which relate 
(pe + Pp) of a polycrystalline sample to the resistivi
ties of a single crystal along the c and a axes: 

(p, + p.) e =A, (p, + P.) polycryst ' 

(p, + p.). = A,(p, + p.) polycryst. 

The coefficients A1 and A2 for Lu are practically 
independent of temperature. Using the similarity of 
the Fermi surfaces of heavy rare-earth metals, we 
may assume that in the case of polycrystalline samples 
of Tb and Dy the sum (Pe + Pp) is related by the co
efficients A1 and A2 to the combined phonon and elec
tron components of the resistivity along the appropri
ate axes in single crystals of these metals. Thus, we 
can find the required magnetic component of the re
sistivity by determining the phonon and electron com-
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FIG. 2. Dependence of the magnetic component of the resistivity on 
the square of the temperature. 

ponents along the principal directions in single crystals 
of Tb and Dy and then subtracting Pi( T). The curves 
denoted by 6 in Fig. 1 represent the magnetic compon
ent of the resistivity along the a axis and curves 7 
represent the corresponding component along the c 
axis. 

The magnetic component of the electrical resistivity 
is strongly anisotropic throughout the investigated 
range of temperatures. In the ferromagnetic and anti
ferromagnetic regions, we have pfu(T) > p~(T). At 
low temperatures, ranging from 15 to 40°K, the power 
exponent of Pm(T) is close to 2, irrespective of the 
crystallographic directions (Fig. 2). 

In the paramagnetic region, the magnetic component 
of the resistivity is independent of temperature but is 
still anisotropic. However, the nature of the anisotropy 
is different than in the magnetically ordered states: in 
the paramagnetic region, we have pfu < p~. The 
anisotropy of the scattering of conduction electrons on 
disordered spins can be understood on the basis of the 
following considerations. In general, the electrical 
conductivity depends on the scattering processes (via 
the relaxation time T) and on the electron structure 
parameters: 

e'-r 
a,; = 4n'/i J u, dS;, 

where Vi is the velocity of an electron along an i-th 
direction; dSj is an element of the Fermi surface 
area. If we assume that the relaxation times for the 
scattering of electrons by magnons ( Tm) and by pho
nons ( Tp) are isotropic, we find that, in the paramag
netic region[9l 

Pm"lvm' =a./a,= J u,dS, j J u.dS. > 1, 

where aa and ac are the coefficients associated with 
the electron-phonon resistivity component. The results 
obtained in the present investigation indicate that 
p~/p~ = 1.2 and aa/ac = 2 for Dy and that p~/p~ 
= 1.1 and aa/ac = 1.5 for Tb. This difference shows 
that the anisotropy of Pm in the paramagnetic region 
is not solely due to the anisotropy of the Fermi surface 
but is also due to the anisotropy of the relaxation 
times representing the scattering of conduction elec
trons by magnons and phonons. 
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