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Electron kinetic phenomena in the metal-like compound DyS were investigated experimentally. Pronounced 
anomalies of the electric conductivity, thermoelectric power, and thermal conductivity were observed near 
3S°K. The antiferromagnetic nature of the disordering in DyS near the indicated temperature is confirmed 
by investigation of the temperature dependence of the magnetization, the specific heat. and the 
magnetocaloric effect. An analysis of the experimental data on the temperature dependence of the electric 
conductivity reveals three components of the electric resistance, viz., residual. phonon. and magnetic. From 
the value of the latter component above the Neel point an estimate is made of the s-f exchange interaction 
energy (I::::: 0.03 e V); this leads to a tentative conclusion that the interaction in DyS is indirect. The 
character of the anomalies in the electron and lattice components near the Neel temperature can be 
assessed by analyzing the experimental data on the thermal conductivity of DyS. The role of the magnon 
component of the thermal conductivity at low temperatures is evaluated from the effect of a magnetic field 
on the thermal conductivity. From the formulas derived for the thermoelectric power by a theoretical study 
of a simple spherical model of the Fermi surface. with allowance for magnetic doubling of the crystal 
lattice constant and for formation of a gap in the related carrier energy spectrum. it is concluded that the 
gap is located near the Fermi surface itself. The temperature dependence of the thermoelectric power near 
the Neel point is consistent with the theory. A general analysis of the experimental data can explain the 
absence of a section of negative temperature dependence of the electric resistance from the experimental 
curve. A qualitative analysis is made of the experimental data on the effect of a magnetic field on the 
electric resistance. thermal conductivity. and thermoelectric power in the magnetic ordering region. 

PACS numbers: 72.S0.Ey, 72.20.Pa, 75.30.Jy. 66.70.+f 

If magnetic order exists in a crystal with n-type 
conducti vity, then the kinetic coefficients determined by 
the electronic spectrum of the crystal can undergo 
abrupt changes at the magnetic-ordering temperature. 
If the order is antiferromagnetic, one of the causes of 
the enSuing anomalies in the temperature dependence of 
the kinetic coefficient is the magnetic doubling of the 
lattice constant and, as a consequence, the appearance 
of an energy gap in the carrier spectrum, and a splitting 
of the conduction band into two subbands.P ) The effect 
of this change in the electronic-spectrum structure of 
an antiferromagnet on its electric conductivity and 
thermoelectric power was considered theoretically by 
Irkhin and Abel'skil (2-4). It is obvious that from the 
results of an experimental study of the electric conduc­
tivity and of the thermoelectric power of a metallic 
antiferromagnet one can determine the main parameters 
of the indicated theoretical model, namely the width of 
the gap and its location in the Brillouin zone. Korenblit 
and Tankhilevich(5) investigated theoretically the mag­
non thermal conductivity of an antiferromagnetic metal 
at low temperatures. 

The anomalies of the electronic kinetic coefficients 
are usually more strongly pronounced at low tempera­
tures, and from this point of view greater interest at­
taches to substances with low ordering temperatures. 
However, to observe the temperature variation of the 
kinetic coefficients in the magnetic ordering region, 
when quasiparticles of a type peculiar to this state, 
namely magnons, can partiCipate in the transport phe­
nomena, one must select for the investigations an anti­
ferromagnetic metal whose Neel temperature is not too 
low. From this point of view, a suitable object is dy­
sprosium monosulfide, which is known to be a metal­
like compound with one free electron per formula unit, 
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and to have a crystal structure of the NaCl type. Accord­
ing to the available data, the magnetic susceptibility of 
DyS has a maximum at T = 32°K, which pOints to the 
antiferromagnetic character of the ordering that occurs 
in it.(6) 

We have investigated experimentally, in the range 
from 1.6 to 120"K, the temperature dependences of the 
electric conductivity, the thermal conductivity, the 
thermoelectric power, the magnetization, and the mag­
netocaloric effect of a polycrystalline DyS sample of 
6 mm diameter and 34 mm length, obtained by directed 
crystallization from the meltP) The electric conduc­
ti vity was measured with a dc potentiometer, the 
thermal conductivity and the thermoelectric power were 
measured by the method of stationary heat flow through 
the sample, with the temperatures measured with an 
Allen Bradley carbon resistance in the 1.6-30"K range 
and with copper-constantan thermocouples between 25 
and 120"K. The thermoelectric power of DyS was deter­
mined relative to pure copper. The magnetization was 
measured by a ballistic method, by introducing the 
magnetized sample into an induction coil placed in a 
homogeneous constant field. To refine the nature of the 
magnetic ordering, we measured the magnetocaloric 
effect and in this measurement it was important to de­
termine the sign of this effect above and below the Neel 
temperature. To reveal qualitatively the singularity of 
the heat capacitance, which should accompany the mag­
netic ordering in the crystal, we followed the change of 
the sample temperature T with time t at a constant 
heat outflow. It was important in this case to determine 
the temperature at which a singularity appears in the 
heat capacity as estimated by such an apprOximate 
method. 

It is seen from Fig. 1 that the maximum of the speci-
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fic heat turned out to be at 37'K. This value of the tem­
perature practically coincides with the position of the 
maximum on the plot of the temperature dependence of 
the magnetization, which we measured (T = 3S0K) and 
which differs significantly from the temperature of the 
maximum susceptibility as determined by Loginov, 
Serveeva, and Bryzhina[71 (T = 32°K). The correct value 
is T = 38"K obtained in our experimental setup, in 
which the thermometer was in direct contact with the 
sample, whereas under the experimental conditions of[S] 

. the thermometer was only close to the sample, being 
separated from it by a gas gap. 

The curves for the magnetocaloric effect in DyS, 
which are shown in Fig. 2, indicate that, as expected, 
the sign of this effect changes in the case of an antifer­
romagnetic ordering near the Neel temperature (TN). 
The temperature at which the sign of the effect is re­
versed depends appreciably on the intensity of the mag­
netic field that is turned on and off to observe this phe­
nomenon. We note that the position of the maximum of 
the specific heat, if it is determined from the heating 
curve (curve 1), does not depend noticeably on the field. 

Figure 3 shows the temperature dependences of the 
resistivity P, the total thermal conductivity K, and the 
thermoelectric power a of the investigated DyS sample. 
It is seen from this figure that all these three coef­
ficients have near the Neel temperature TN = 38"K 
strongly pronounced anomalies. To analyze the experi­
mental data of Fig. 3 it is first necessary to separate 
from the total resistivity its four principal additive 
components: the residual po, phonon Pph, magnetic Ps, 
and electron-electron Pee: 

The upper curve of Fig. 4 shows the experimentally 
measured temperature dependence of the total resistiv­
ity, from which it is necessary to separate its magnetic 
component Ps. To this end it is necessary to bear in 
mind that in the paramagnetic region, Le., at T> TN, 
the value of Ps should not depend theoretically on the 
temperature[8] : 
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011 m /'(0) 
P.=--,-(g-1)'j{j+1)"---, 

2 lie No EF 
(1 ) 

where No is the number of magnetic ions per cm3 , g is 
the Lande factor, j is the quantum number of the 4f 
shell, J(O) is the exchange-interaction integral at 
T = OOK, EF is the Fermi energy, and m is the effec­
tive mass of the electron. The method of such a separa­
tion, which was used by us, is explained in Fig. 4: the 
dashed curve is a smooth continuation of the experi­
mental p(T) curve from the region T> TN, where Ps is 
constant, while the curve Pph(T) + Pee(T) is drawn from 
T = OOK parallel to p(T). If we determine the tempera­
ture dependence of the so-separated component Ps(T) 
= p(T) - po - Pph(T) - Pee(T), then, as seen from Fig . 
4, this dependence is well approximated by the formula 
ps ex: T5 in the region 20-3SoK (Le., up to T = TN!). 
For the contribution ~(Pph + Pee) separated in this 
manner, we obtain from experiment a temperature de­
pendence close to T2. Since Pph ex: T 5 and Pee ex: T2,the 
last result offers evidence that Pee> Pph in this tem­
perature region. At T < 20o K, the accuracy with which 
Ps is determined is not sufficient to analyze this de­
pendence. The law Ps ex: T 5 for an antiferromagnetic 
metal was theoretically proved in a paper by Berdyshev 
and Vlasov[9] for the temperature region T < TN' 

From the value of Ps in the region T > TN we can 
estimate with the aid of (1) the energy I of the exchange 
s-f interaction, which turned out to be I;::; 0.03 eV for 
DyS (m = 2.9mo, N = 2.4 X 1022 cm-3, g = Y3, j = 1~2' EF 
= 1 eV[lO]). Since DyS is a metal-like compound it fol­
lows that, assuming the main exchange-interaction 
mechanism to be indirect via the conduction electrons, 
we can estimate the magnetic-ordering temperature 
from the values of J(O) and EF: 

koT N = 1'(0) j{j+1) (g-1)'. 
eF 2 

As a result we get Tfft "'" 300K, Le., a value close to 
the experimental TN = 3SoK. 

We proceed now to analyze the thermal conductivity. 
In DyS at low temperature, three sorts of quaSi-parti­
cles can take part in the transport of heat through the 
crystal: electrons, phonons, and magnons. Therefore 
the total thermal conductivity can be represented in the 
form 

The electronic part of the thermal conductivity Ke 
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FIG. 5. Temperature dependence of the magnetic part of the re­
sistivity Ps at T < Ts. 

FIG. 6. Electronic (Ke) and lattice (Kph) components of the thermal 
conductivity (K = Ke + Kph). 

can be calculated from the experimentally measured 
function p(T) (Figs. 3 and 4) with the aid of the Wiede­
mann-Franz relation, namely Ke = LT/p, where L(N, T, 
Po) is a known function of the carrier density N, of the 
temperature T, and of the residual resistivity of the 
sample po.lU] Figure 6 shows plates of both the temper­
ature dependence of the so-calculated function Ke(T), and 
the phonon part of the thermal conductivity, determined 
from the difference Kph = K - Ke' The curves of Fig. 6 
show that in the case of antiferromagnetic ordering the 
anomaly in OyS is observed in both the electronic and 
the phonon components of the thermal conductivity. The 
former can be due to the fact that the scattering of the 
carriers by the inhomogeneities of the spin system be­
comes enhanced near TN' The anomaly of the phonon 
thermal conductivity may be connected not only with the 
additional scattering of the phonons by the spin inhomo­
geneities, but with the anomaly of the spin specific heat 
near TN. l 12] 

/ The magnon thermal conductivity KS in OyS can 
noticeably manifest itself below 10"K, inasmuch as at 
higher temperature the heat transport by the spin wave 
should be substantially restricted by magnon-magnon 
scattering. The appearance of the magnon component of 
the thermal conductivity can be observed on the plot of 
the change of the thermal conductivity t:..K/Ko in a mag­
netic field-see Fig. 7. The positive sign of this effect 
at T < lOoK can be attributed to the increase of the 
magnon component of the thermal conductivity in the 
magnetic field, a component that becomes noticeable in 
this temperature region. It can thus be assumed that 
above l<tK the thermal conductivity of OyS is due 
mainly to the electrons and the phonons. 

As usual, the quantity altered most by magnetic 
ordering is the thermoelectric power. Abel'skii,l'l in a 
theoretical paper dealing with the behavior of the 
thermoelectric power near the Neel temperature, ex­
plains how the formation of the gap in the carrier spec­
trum influences not only the concentration term of the 
thermoelectric power of an antiferromagnetic metal, as 
was considered in the past, but also the relaxation term. 
We shall therefore interpret our experimental results 
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for OyS, which are shown in Fig. 3, by USing the formu­
las ofl41. 

It is assumed that qualitatively correct results for 
the thermoelectric power can be obtained by conSider­
ing a spherical Fermi surface with a gap t::.. near this 
surface, and taking into account only the scattering of 
the electrons by the phonons and by the spin inhomo­
geneities. For such a model, the carrier spectrum takes 
the form 

II' 
e.,. = 2m [u'+l'=F2l(u'+p'}'I'J, 

and the resistivity and the total thermoelectric power 
are given by 

p(T) =p.(T) (1+p'/u/), 

a;~ = n' ~ k.T{~_rp~ + (~-r .. ±) P ... +(-~+r ... )~}_. 
3 e 8p 2 2 p. 2 . p, 

(3) 

(4) 

(5 ) 

Here u = \1 - k \, I is the value of the quasi momentum 
k at which the gap appears in the carrier spectrum, m 
is the carrier mass, p = mt::../2ti 2 t, r~ = ±Y2lp2/U~, uF 
= \t - kF \, kF is the quasi momentum on the Fermi 
surface, and P1(T) is the resistivity in the absence of 
the gap. The ratios Pph / P and ps / P were determined 
above in the analysis of the resistivity of OyS (Fig. 4). 
The dependence of the width of the gap t::.. on the tem­
perature is of the form l4,13] 

6,=I(1-TITN )', (6) 

where (3 = Y2 to Y3. Thus, the temperature dependence 
of the thermoelectric power near TN is determined by 
two unknown parameters {3 and l/kF, which can be de­
termined by comparison with the experimental data. 
The best agreement for the thermoelectric power in the 
section 30-4<1'K was obtained at values (3 = Ya and 
l/kF = 0.98. The latter quantity shows that the gap in 
OyS occurs very close to the Fermi surface. 

Irkhinl2] has shown that the formation of a gap in an 
antiferromagnetic metal can alter noticeably the tem­
perature dependence of the resistivity near TN: instead 
of a moreor less smooth decrease of the resistivity 
with temperature, which is typical of metallic conduc­
tivity, the p(T) curve may acquire a section with a nega­
tive derivative dp/ dT. This phenomenon was indeed ob­
served, particularly in single-crystal Oy.[14] In our 
case of OyS, however, no such section was observed on 
the P (T) curve (Fig. 3). It can be shown that this fact 

FIG. 7. Relative change of 
the resistivity (curve I), of the 
thermal conductivity (curve 2), 
and of the thermoelectric 
power (curve 3) in 3 l5-kOe 
magnetic field. 
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agrees with the results of the foregoing analysis of the 
resistivity and of the thermoelectric power. 

According to (4) we have 

dp dp! dt;. (7) 
df=TT(1+yt;.')+P!2-rt;.Tr' 

where y = (m/2112luF )2. The quantity dp/ dT can be 
negative in the case when the second term of (7), which 
contains the negative factor M/ dT, exceeds the first. 
But the values of all the quantities in (7) were deter­
mined above, and for DyS the first term of the expres­
sion turned out to exceed the second, meaning that the 
derivative dp/dT should be positive. 

The three curves of Fig. 7 show how application of a 
magnetic field affects the resistivity p, the thermoelec­
tric power a, and the thermal conductivity K of the in­
vestigated DyS sample. In view of the low mobility of 
the carriers in the investigated polycrystal, the mag­
netoresistance is observed only near TN, where the 
magnetic disorder changes abruptly, while the negative 
sign of the effect indicates that the carrier scattering 
due to the magnetic disorder of the crystal decreases 
in a magnetic field. The action of the magnetic field 
manifests itself in a stronger and more complicated 
manner in the thermoelectric power a. 

As indicated above, the increase of the thermal con­
ductivity in the magnetic field at T < 10"K can be at­
tributed to the increase of the magnon concentration, 
and whereas in the first half of this section (T < 5°K) 
the value of AK/ Ko increases because of the increase of 
the magnon density with increasing temperature and be­
cause of the larger role they play in the thermal con­
ducti vity, in the second half of this section, where a de­
crease of AK/ Ko is observed, the role of the phonon 
component of the thermal conductivity increases, and 
the increase of the magnon concentration with increas­
ing temperature makes this thermal-conductivity com-
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ponent smaller, and by the same token decreases the 
entire influence of the magnetic field on the thermal 
conducti vity . 

We are grateful to Sh. Sh. Abel'skil, Yu. P. Irkhin, 
and I. Ya. Korenblit for valuable consultations. 

1J. C. Slater, Phys. Rev., 82, 538 (1951). T. Kasuya 
and A. Kondo, Solid State Comm., 14, 249 (1974). 

2yU. P. Irkhin, Fiz. Met. Metalloved. 6, 214 (1958). 
3 Sh . Sh. Abel'skii and Yu. P. Irkhin, Fiz. Tverd. Tela 
13,2438 (1971) [Sov. Phys.-Solid State 13,2041 (1972)]. 

4Sh. Sh. Abel'skil, Fiz. Tverd. Tela 15, 5, 1414 (1973) 
[Sov. Phys .-Solid State 15, 955 (1973 )]. 

51. Ya. Korenblit and B. G. Tankhilevich, Fiz. Tverd. 
Tela 14, 3022 (1972) [Sov. Phys .-Solid State 14, 2588 
(1973)]. 

8 M. G. Loginov, V. M. Sergeeva, and M. F. Bryzhina, 
Zh. Eksp. Teor. Fiz. 59, 1948 (1970) [Sov. Phys.-
JETP 32, 1054 (1971)]. . 

7 A. V. Golubkov, T. B. Zhukova, and V. M. Sergeeva, 
Neorgan. mater. 2, 77 (1966). 

8 T . Kasuya, Prog. Theor. Phys., 22, 227 (1959). 
9 A. A. Berdyshev and I. N. Vlasov, Fiz. Met. Metal­
loved. 10, 628 (1960). 

10 Fizicheskie svoistva khal'kogenidov redkozemel'nykh 
elementov (Physical Properties of Chalcogenides of 
Rare-Earth Elements), edited by V. P. Zhuze, Nauka 
(1973). 

!lA. H. Wilson, The Theory of metals, Cambridge, 1954. 
12A. Kawasaki, Prog. Theor. Phys., 29,801 (1963). 
1~ R. J. Elliott and F. A. Wedgwood, Proc. Phys. Soc., 

84, 63 (1964). 
14 D. W. Boys and S. Legvold, Phys. Rev., 174, 377 

(1968). 

Translated by J. G. Adashko 
231 

V. I. Novikov et al. 1084 


