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Simultaneous electronic transition Sm 2+-Sm3+ and 
Yb2+-Yb3+ in Sm,-,Yb,S 

G. A. Krutov, A. E. S o v e s t n o v ,  and V. A. Shaburov 
Leningrad Institute of Nuclear Physics, USSR Academy of Sciences 
(Submitted 18 September 1978) 
Zh. Eksp. Teor. Fiz. 76, 1123-1 127 (March 1979) 

The method of the x-ray K-line shift [O. I. Sumbaev, Sov. Phys. Usp. 21, 141 (1978)] is used to 
investigate the electron structure of Sm and Yb in Sm,-,Yb,S (Osx 5 1.771 T <I000 K). A smooth 
increase of the valence of Sm with increase of x is obse~ed, as well as a simultaneous change of the 
valence of Yb  (at high temperature). It is shown that the observed effect is due to the departure of the 4f 
electrons of Sm and Yb into the conduction band. The valence change q,, is practically proportional to x 
and qsm=0.4 at x = 0.8. The dependence of qn on x correlates well with the concentration of the 
trivalent Sm ions in the sample, and reaches a value ~ ~ ~ 0 . 4  at the maximum. 

PACS numbers: 71.25.Tn, 32.30.Rj 

1. INTRODUCTION 

The mechanism of isomorphic phase transitions in 
solid solutions of SmS with monosulfides of trivalent 
rare-earth elements (REE) such a s  Sm,-$:*S has been 
established quite reliably (see, e.g., the reviews1). 
This transition is a particular case  of the well known 
phenomenon of variable valence of the REE, and is due 
to the departure of the 4f electrons of Sm to the conduc- 
tion band. I t  is assumed that the Sm2+ - Sm3' transition 
is initiated by the internal lattice ('4chemica199) pressure  

produced in the SmS lattice upon penetration of s m t l l  
(compared with 9m) trivalent RE atoms d,, = 5.97 A; 
5.8 r dR3, 2 5.4 A). In the phase transition these tr i-  
valent atoms a r e  passive: unlike Sm, which acquires 
a valence = 2.6 in the transition, the valence of R3+ 
remains ~ n c h a n g e d . ~  

Less  investigated a r e  the electronic properties of 
solid solutions of SmS based on monosulfides of divalent 
REE (Sm,-,Eu$ and Sm,-,Yb$). 

The parameters of the EuS and YbS lattices a r e  5.97 
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and 5.69 A,  re~pec t ive ly ,~  s o  that the "chemical" com- 
pression should produce an Sm2' - SmS+ transition in 
Sm,-,Yb,S, analogous to the transition in Sm,-$d$ 
(Ref. 2), inasmuch a s  d,,=d,,,= 5.70 A, and should 
not occur in Srn,,Eu$ because d,,=dsm,. However, 
the anomalies typical of the isomorphic phase transi- 
tion in Sm,,Nd$ (jumpwise change of the lattice param- 
eter, semiconductor-metal transition, and change of 
the black color of the substance to golden yellow at  
x=x,,=0.15) a r e  not observed in Sm,,Yb,S and 
(0 a x  c In the opinion of Jayaraman and co-work- 
e r s  this means that the electronic structure of the Sm 
ions remains unchanged in this system. In Sm,,EqS, 
on the other hand, the transition Sm2+ - Sm3+ does take 
place, although the lattice parameter has in this case, 
just a s  in Sm,,Yb,S, no anomalies ~ h a t e v e r . ~ . ~  (It is 
proposed in Ref. 4 that the transition is probably initi- 
ated by an indirect exchange interaction in the EuS 
magnetic matrix, which lowers the energy of the de- 
parture of the 4f electron of Sm to the conduction band.) 
Thus, i t  is sometimes difficult to register an electronic 
transition by using only crystallographic data. 

The object of the present study is the electronic state 
of the Sm and Yb ions in Sm,,,Yb,S in a wide range of 
sample compositions and temperatures (0 e x  s 1.77 
6 T G 1000 K). 

2. RESULTS OF EXPERIMENT 

The electronic state of Sm and Yb in Sm,-,Yb,S was 
determined by the method of the x-ray K-line shift 
(XLS). A description of this method a s  applied to the 
study of the mechanism of electronic phase transition 
can be found in our earlier papers (see, e.g., Refs. 1 
and 5).l)  At room temperature we have also investi- 
gated the electric conductivity of the samples and car- 
ried out their x-ray structure analysis. 

The Sm,,Yb$ samples were prepared in the following 
manner: A thoroughly pulverized SmS + YbS mixture 
was pressed into pellets (P = 2000 - 3000 kg/cm2), 
which were annealed in a tantalum crucible in vacuum 
a t  T = 1600 - 1800 "C. An x-ray structure analysis has 
shown that these samples have an NaCl structure and 
that the periods of the SmS and YbS lattices a r e  close 
to the published data6: d,=5.964 * 0.005 A, d,, 
= 5.689 0.005 A. In addition, the XLS method was used 
to establish that the Sm and Yb ions in the initial SmS 
and YbS a re  divalent: msm=m,= 2* 0.03. For  samples 
with intermediate composition (0 <x < 1, T 9 300 K), the 
lattice periods decrease practically linearly with in- 
creasing concentration (Fig. 1, dark circles). The same 
figure (top, dash-dot curve) shows a plot of the electric 
resistivity of the Sm,,,Yb$ samples against composi- 
tion at room temperature. 

The change of the electronic state of the Sm and Yb 
ions in Sm,,Yb,S was revealed by the XLS (we deter- 
mined in the experiments the shifts of the x-ray K lines 
of Sm and Yb a s  functions of the composition and tem- 
perature of the investigated sample, relative to those 
of a reference sample, made up of a mechanical SmS 
+YbS mixture having the same concentration x and kept 

FIG. 1. Dependence of the Sml ,, Yb, S lattice parameter on the 
composition. The inset shows the resistivity of Smi -,Yb, S. 

at room temperature). 

Experiments a t  low and high temperatures were 
followed by control measurements of the shift, with 
both samples kept a t  toom temperature. Equality of 
the shifts before and after the temperature experiments 
was evidence of the absence of irreversible changes in 
the samples a s  a result of heating (or cooling). 

A study of the facsimile for the investigated Samples 
(the pairs Sm,,Yb,S - [(I - x)SmS + x Y b ~ ]  were com- 
pared) and their comparison with the calibration fac- 
simile for the chemical compounds SmF, - SmS, Yb203 
- YbS (the electron structure within each pair is known 
and differs by one 4f electron) made it possible to es-  
tablish unequivocally that the observed energy changes 
of the K lines of Sm(Yb) in the alloys a r e  due to the re- 
moval of 4f electrons of Sm(Yb) to the conduction band. 
The experimental K-line shifts were used to determine 
the fractions q of the removed 4 f electrons from the 
Sm(Yb) ions in the Sm,,Yb$. They a r e  equal respec- 
tively to the ratios of the corresponding shifts and the 
calibration shifts of the K lines of Sm(Yb) obtained in 
the experiments with the chemical compounds: AE, 
(SmF, - SmS) = -595 * 20 meV and AEKal(Yb,03 - Yb$ 
= -650 * 33 meV. 

The experimental dependences of the degree q(T, x) of 
the removal of the 4 f electrons from the Sm and Yb 
ions in Sm,,Yb$ a r e  shown in Figs. 2 and 3, respec- 
tively. 

FIG. 2 .  Change of the valence of samarium in smi -,*"s 
as a function of x :  solid lines-Smi -, Yb, S(x - T =77 K, 
-T =300 K ,  0 -T = 1000 K),  dashed-Smi,, Eu,S(T m300 K) 
(Ref. 2), dash-dot-Smi-,* Nd,S(T = 300 K) (Ref. 2) .  
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the valence (number of f ree  electrons) of the impurity 
atoms. 

FIG. 3. Change of valence of Yb in Smi-,Yb,S (a-T F. 300 K, 
0 -T = 1000 K). Dashed-dependence of the sm3+ ion concen- 
tration in the sample (T -- 1000 K) on the composition. 

3. DISCUSSION OF RESULTS 

As seen from Fig. 2, the 4f shell of the Sm ion is 
considerably altered: with increasing Yb concentration, 
the number of 4 f electrons per Sm ion decreases 
smoothly (for example, a t  T = 77 K o r  1300 K the value 
of q changes from zero a t  x = 0  to -0.4 a t  x=0.8). 
The slight enhancement of the degree of the transition 
a t  high temperature (T = 1000 K) can be attributed to 
thermal injection of the 4 f electrons of Sm into the 
conduction band. 

On the other hand, the dependence of the Sm,,Yb,S 
lattice parameter on the Yb concentration, a s  reported 
in Refs. 3 and 7, is linear2) (it i s  this which gives the 
authors grounds for assuming that there is no electron- 
ic transition in this alloy). The dependence for our 
samples is also practically linear (see the solid 
straight line drawn by least squares on Fig. 1). How- 
ever, the experimental data a r e  in best agreement 
with the relation 

d ( r )  = ( I - x )  ( l -11 ( x )  ) dS,~+,+xd,-,,+ (1-r) q (x)d,-s 

(the dashed curve in the same figure), which takes into 
account the presence of trivalent Sm ions in Sml-,Yb,S 
(here dsm3+S is the lattice parameter of Sm3+S, Ref. 6). 

Thus, the XLS data point unequivocally to the pres- 
ence of an electronic transition in Sm, and our data 
on the lattice parameters do not contradict this con- 
clusion. 

The dashed and dash-dot cuvres in Fig. 2 a r e  plots 
of q(x) a t  room temperature for the Sml,Eu$ and 
Sml,Nd,S samples in accord with Ref. 2. Even though 
the lattice parameters of YbS and NdS a r e  the same, 
the character and degree of the Sm2+ - SmS* transition 
in Sml,YbJ and Sml,Nd$ a r e  substantially different 
(in the former case the transition is smooth, in the 
lat ter  it is jumplike). At the same time, the analogous 
.transition in Sml-,Eu$ is quite similar to the transition 
in Sm,,Yb$ [the q(x) dependences a r e  practically the 
same, even though d,,#d,,]. Thus, a single dimen- 
sional factor (the chemical pressure) alone cannot ex- 
plain the character of the electronic transitions in the 
alloys Sml,R2,'*3+S. It should depend also to a consid- 
erable degree on the concrete structure of the conduc- 
tion band, whose formation is strongly influenced by 

Simultaneously with the 4 f transition in Sm, we have 
observed in the Sml,Yb$ system investigated by us (at 
high temperature) a 4f transition in Yb (a temperature 
reversible electronic transition Yb2+, 4 f14 - Yb3+, 4y3). 
This effect is illustrated in Fig. 3. At room tempera- 
ture (dark circles) q, = 0 (the valence of Yb is m = 2) 
in the entire region 0 r x 1. At T = 1000 K (light 
circles), however, the number of 4 f electrons per 
Yb ion decreases (the valence of Yb increases), and 
the maximum value of the valence of Yb is observed 
a t  xe0.2 and amounts to m, = 2.4 ( ~ ~ ~ 0 . 4 ) .  The 
same figure shows dashed a plot of the concentration 
of the trivalent Sm ions in the sample (T = 1000 K) 
against the composition: CSm*(x) = 7 7 ~ ~ ( l -  x). The ex- 
perimental q,(x) dependence correlates well with 
the Cs,3+(x) curve. This means that the degree of the 
Yb2+ - Yb3+ transition is proportional to the concentra- 
tion of the trivalent Sm ions in the sample: qn -qS, 
(1 - x). 

The appearance of conducting ions in a nonconducting 
crystal lattice should lead in accord with percolation 
theorys to a semiconductor-metal transition a t  CS+=C,, 
= 0.12. In our case, however, this transition (at room 
temperature) is not observed (Fig. 1, dash-dot curve). 
With increasing x, a smooth increase of R takes place 
from values corresponding to the resistivity of SmS 
to values of the resistivity of YbS. The change of R 
in the 0 s x  s 1 region is about seven order of magni- 
tude, and the resistivities of SmS and YbS agree well 
with the published data R,, = 10- - 10'' S1-cm and 
RnS = lo4 - lo5 S 1 - ~ m . ~  

The absence of a semiconductor-metal transition 
in Sml,Yb,S a t  room temperature can be attributed to 
the fact that the number of the trivalent samarium ions 
produced in the Sm2' - Sm3+ electronic transition is not 
sufficient for the formation of conducting bridges: C& 
(T=300 K)<0.1. 

In conclusion, the authors thank 0. I. Sumbaev for 
useful discussions, A. I. Egorov for consultations on 
the preparation of the investigated samples, A. V. 
Kovalev for  the x-ray structure analysis, and Yu. I. 
Vasil'ev for help with the measurements. 

')1n brief, in the XLS method the shifts of the K lines are lin- 
early connected with the change (due to the electronic trans- 
ition) of the number of valence electrons of the investigated 
ions, and the dependence of the shift on the type of line 
(K,', K B1, K gz.il)-the "facsimile"-determines uniquely the 
type of electron that participates in this process. 

 ow ow ever, the accuracy with which the linear law is satisfied 
is not known, since the errors in the determination of d are 
not given. 
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Elastic and inelastic scattering of Mossbauer y quanta in 
a pyrolytic graphite crystal 

N. N. Lobanov, V. A. Bushuev, V. S. Zasimov, and R. N. Kuz'min 
Moscow State University 
(Submitted 20 September 1978) 
Zh. Eksp. Tar .  Fi. 76, 1128-1135 (March 1979) 

A method free of systematic errors is proposed for the measurement of the intensity of elastic and inelastic 
scattering of Mossbauer y quanta in substances that do not contain resonant nuclei and can be in 
arbitrary aggregate states. The method was used to measure the intensity of elastic and inelastic 
scattering of 14.4 keV Miissbauer radiation along the profile of the (002) Bragg reflection and at the 
maxima of the reflections (004), (006), and (008) in a crystal of highly oriented pyrolytic graphite. It is 
shown that the existing theory of elastic scattering of x rays in mosaic crystals, as well as the theory of 
thermal diffuse and Compton scattering, can describe satisfactorily the experimental results. The shear 
modulus c4, and the law governing the mosaic distribution are determined, and the dimensions of the 
coherently scattering blocks are estimated. 

PACS numbers: 76.80. + y. 

INTRODUCTION main structural units of this graphite a r e  planar atomic 

Among the widely known methods of investigating the 
structure of matter and elementary excitations, such a s  
elastic and inelastic scattering of x rays and thermal 
neutrons, a special place is occupied by the study of the 
scattering of Mlssbauer y radiation in a subtance that 
contains no resonant nuclei, owing to the high resolution 
of this method e ~ ) .  The main idea underlying 
such experiments is that the MBssbauer radiation scat- 
tered from the sample is analyzed by a resonant ab- 
sorber placed ahead of the dete~tor."~ 

grids in which the hydrogen atoms a re  located at the 
corners of regular hexagons. These grids a r e  arranged 
in an ABABAB.. . . sequence a s  in natural graphite, 
forming stacks turned randomly relative to one another 
in the planes of the grids. Despite the considerable 
progress in the production of PG, it has been impossible 
to grow sizable artificial single crystals. It is  there- 
fore very important to accumulate experimental data on 
such important physical characteristics of graphite a s  
the thickness of the stacks with regular packing and the 
elastic constants, particularly c, (the shear modulus, 

Despite the simplicity and elegance of the d e ~ c r i b e d " ~  which determines the critical fracture s t ress  perpen- 
methods, a number of questions remain unanswered. dicular to the c axis). In fact, the dimensions of the 
These involve the allowance for the systematic e r r o r s  stacks with regular packing and their degree of dis- 
when the background i s  determined and the calculation orientation determine the angle widths of the elastic- 
of the instrumental errors.  The latter occur mainly scattering reflections, while the elastic constants can 
because the luminosity of the instrument must be in- be determined by measuring the intensity of the thermal 
creased, and this leads to deviation from Bragg focus- diffuse scattering (TDS) in Bragg reflections. 
ing in the Massbauer diff ractometer. This question was Nondestructive control methods such a s  x-ray and y- 
analyzed in detail in Ref. 4, where modifications of the ray scattering a r e  particularly attractive. Traditional 
procedures of Refs. 1-3 were proposed, aimed a t  elim- measurements of the elastic constants by ultrasonic 
inating the systematic e r ro r s  in the determination of and static methods require samples of appreciable size 
the background. and of special shape. whereas the method proposed by - ,  - - 

In the present study we have measured by the pro- us is free of these limitations. As to the purely scien- 
cedure of Ref. 4 the intensities of the elastic and in- tific problems, the study of graphite is of interest from 
elastic scattering of 14.4-keV Miissbauer y quanta in a the point of view of checking on the present theories 
highly oriented pyrolytic graphite (PG) crystal. The of secondary extinction in TDS, inasmuch a s  the ex- 
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