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Abstract 

Electrical resistivity (p), Hall coefficient (R , ) ,  and Seebeck coefficient (S) measurements were performed on carrier-doped 
oxyselenide samples (BiO)Cu~ ~o ,Se (0 ~ x :g 0.020) and (Bi~o ,Sr, )OCuSe (0 ~ x g 0.10). (BiO)Cut ~o ,Se showed a first order 
phase transition at -- 250 K, which is characterized by a broad maximum of the p -  T curves. Hall measurements revealed 
that the samples are degenerate semiconductors. On the basis of R ,  and S measurements, the conduction is suppo~d to be 
of the two-carrier type, while the dominant carriers are holes mainly originating from the Cu deficiency. The samples of 
(Bi~ ,SL }OCuSe showed results similar to those of (BiOK'u~ ~,Se, although a two.type-carrier conduction was not ob~rved. 
@ 1997 Elsevier Science S.A. 
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I. Introduction 

Multinary oxysulfide (LaO)CuS was first reported 
by Palazzi et al. [I,2]. This compound has a 
(LaO)AgS-type structure with space group P4/mmn 
[3A]. (LaO)CuS was found to be a p-type semiconduc- 
tor by Ishikawa et al. [5]. The present authors pre- 
pared a large number of isostructural compounds 
(LnO)CuSe (Ln ~ La, Ce, Nd, Sm, Gd, Tb, Dy, Ho, 
Y), and found that (La.~s.Sr.~:.)OCuSe exhibits a 
metal.to.semicc~,ductor transition at ~ 100 K [6]. Re° 
cently, Kusainova et al. [7] and Berdonosov et al. [8] 
prepared the new isoslruct~.ral chalcogenides 
(BiO)CuS and (BiO)CuSe, in addition to (MO)CuSe 
(M ~ Nd, Gd, Dy). A schematic structure of 
(BiO)CuSe is shown in Fig. I. The structure is con- 
structed from alternating (Cu :Se,)layers and (Bi :O:) 
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ttuoriteolike layers, where the (Cu:Se:) layers consist 
of slightly distorted CuSe4 tetrahedra with shared 
Se=Se edges, and the (Bi:O:) layers consist of slightly 
distorted Bi40 tetrahedra with shared Bi~Bi edges 
[7]. These compounds are all semiconductin8. In the 
present study we have investigated the electrical 
properties (electrical resistivity, Hall coefficients, and 
Seebeck coefficieuts) of the carrier-doped samples of 
the (BiO)Cut~,Se system and the (Bit=,Sr,)OCuSe 
system. 

2. Igxperimenta| 

The samples of (BiO)Cut=,Se were prepared by 
heating the appropriate ratios of the mixtures of Bi, 
Bi:O~, Cu, and Se in evacuated silica tubes at 4~FC 
for I week. After grinding and pelletizing, the samples 
were sintered at 400°C for I further week. The sam° 
pies of (Bit=,SL)OCuSe were prepared in the same 
manner from the mixtures of Bi, Bi:O~, Cu, Se, and 
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Fig. 1, ~hemat ic  drawing of the structure of (BiOKTuSc (space 
grott- P4/m~:m ), 

SrO. Obtained samples were identified by powder 
X-ray diffraction measurements using a RIGAKU 
RAD-B. Differential ~anning calorimetry (DSC) 
measurements were performed with a MAC SCi- 
ENCE DSC-3100. Electrical r~sistivity e measure° 
ments were carried out for powdered pellets with an 
ordinary dc fimroprobe method from 2 to 3(X) K. 
Resistivity of (BiO~u. ,~Se  w~:~ measured d~wn to 
20 mK using a ~l~le~:~He dilution refrigerator. Hal! 
co~(ttci~nt~ (R/l) w~re measured tor powdorcd thin 
p~!!ets by a d c  ttveoprobc method from 77 to 3(HI K 
under th~ following conditions: thickness of th~ sam° 
pl,s, 0.2=0.3 mini applied magnetic field. I Tesla: and 
current, I0 mA. Thermt~lectri,c power (See~ck co. 
~ft|cients, S) measurements were p~rformed for 
(BiO~u.,..,.Se from l l~ to 3(X) K. using Cu leads 
with a temperature gradient of 3~4 K. 

3. lle~ults ~ad d:lscussion 

3,1. 77w eBiO)(?t~ ~ ...... , Se .W~tem 

Xoray diffraction studies revealed that (BiO) 
Cu~ ,So is stable in the composition range O~x 
0.02. Tent~raturc variations of the resistivity p of 
(BiO~u~ ,.So (0 ~x ~ 0A)20) are shown in Fig, 2, and 
~h:~ enfarg~d ~)~ T cu~e of ~BiO~u.).,~Se is shown 
in Fig. 3. The values of i) decrease as the Cu content 
d,,','~,.~,,~,~s~....~o~, indicating that the carriers originate from 
the Cu deficient, The p = T curve of a stoichiometo 
r~c s~mple of (BiO~uSe shows a ~miconductive ~ -  
havM,r eshibiting a broad m~ximum around 250 K, 
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Fig. 2, 'rempcratur¢ variations of the cl,'ctrical resistivity p of 
(BiOX?ut ,Se from 2 to 300 K. 

BiOCu,.., Se 

o 

o / 

I ' °  

0 I(H) 21tt} ,q~ll 

Teml~.'t'alu~l K) 

Fig, 3, Tcml~raturc det~ndcnc¢ of the electrical r¢.~islivily aJ of 
tBiOK?u,, .~.~ fr,~m 2 to ,MHI K. 

The nonstoichiomeuic samples also show the broad 
maximum at .~. 250 K, accompanying ,. small hy,,,.erc 
sis. The hysteresis is most obviously obscr,~e,; i~ 
(BiOX'u,.~S¢, as shown in Fig. 3. A small ia;~:n! he;~', 
was ob~rved at ,~ 250 K for all ~amples iu ihe DSC 
measurements. The iat.~nt heat, as weti a~ t|~c hystere- 
sis observed at the anomaly t~mperature, sugg,..,ts 
that the compound has a first order phase tr~msition 
at - 250 K. 

It is of interest that (BiO~u, ~ ,So possesses som~:. 
asse ts  common to a bismuth copper oxide supercon- 
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ductor, i.e. both materials have two-dimensionality, 
and both contain elements Bi, Cu, and O. We may 
expect superconductivity in the conductive samples of 
(BiO)Cu~_,Se. Fig. 4 shows the temperature depen- 
dence of p for (BiO)Cu,.,s~Se measured on cooling 
from 2000 to 20 mK. The resistivity of (BiO)Cu..,s~Se 
gradually increases with decreasing temperature, ex- 
hibiting no superconductivity. 

Fig. 5 shows the temperature variations of the Hall 
coefficient R .  for (BiO)Cut_,Se (0 _<x < 0.020) 
observed on cooling. The results on heating were 
consistent with those in the cooling runs. The Hall 
coefficients for the samples of x _< 0.015 are positive 
in the measured temperature range, indicating that 
the dominant carriers are the holes. The decreasing 
tendency of Rt~ with increasing temperature indicates 
that the samples are semiconductors rather than met- 
als. Contrary to the ~, measurements, the Hall mea- 
surements show no anomalous behavior at the transi- 
tion temperature. The holes are considered to be 
supplied to the energy band (presumably to the sele- 
nium p bands) to compensate for the lack of total 
positive charges induced by the Cu deficiency. This 
speculation is based on the experimental results of an 
X-ray photoelectron spectroscopy (XPS) study by 
Folmer and Jellinek, which confirmed that the Cu 
atoms are in the monovalent state in many copper 
chalcogenides [q]. 

Fig. 6 shows tile temperature variations for the hole 
concentrations n of (BiO)Cu~ , S e  (0 ~x ~< 0.020), 
whicl~ are derived from the Hal l  data by adopting the 
one carrier model Rn = + I/ne., where e. is the 
electronic charge. The number of n shows o~ly s~i~ht 
variations wilh temperature below -- 200 K, indicating 
that the samples are degenerate Setlficonductors. The 
large carrier numbers of I i } ~ = l l )  ~°~ cm ~a are also in 
agreement with the degenerate nature. Assuming that 
,I)e deficient copper atoms x produce just the same 
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Fig. 5. Temperature variations of the Hall ¢(~fficient R/t of 
(BiO~ul  ,Se measured ~n ¢~mling. Solid lines are guides to the 
cyc. 

number of holes, then the hole densities are calcu- 
lated to be 7.25 x l0 t'), 1.46 x I0 :°, 2.17 × 10 :°, and 
2.89 x I0 -~" cm -~, respectively for the samples of x - 
0.05, 0.010, 0.015, and 0.020. For each sample, the 
obsewed hole densities (at 298 K) are smaller than 
those of the calculated ones by an order of magnitude 
of approximately 10. This discrepancy may originate 
from a sin-ill part of the Cu atoms which are oxidized 
to the dwalent state in the Cu deficient samples. This 
may be acceptable because the present compound 
would have the bonding nature of the oxide as well as 
the chalcogenide. Another plausible origin for the 
discrepancy could be that the measuring temperatures 
are not ~ufficiently high enough as to supply the 
ample number of holes. The energy band calculations 
as well us t i le XPS measurements are needed to 
clarity, these problems. The somewhat large ,'onccno 
tration of holes observed in (BiO~uSe may indicate 
that a small nunlher  o f  Cu vacancies remain even in 
the stoichiometric sample. 

W 

"8 

,~ BiOCu ,.y.s Se 

o 

o 

O % 
13 

O 

I0 IO0 |000 tO000 
Temperature (inK) 

Fig,. 4. Temperature dependence of the electrical resistivity p of 
(BiO)Cu.~sSe measured on cooling from 2000 to 20 inK. 
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Fig. 6. Temperature variations of the hole concentration n of 
(BiO)Cu 0 ,So. Solid lines arc guides to Lilt cy¢. 
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Fig. 7 shows the tem~rature variations of the Hall 
mobility /,t ( = R n ' a )  for (BiO)Cu~_,Se ( 0 ~ . r <  
0.020). where a denotes the conductivity. The rather 
small values of p. imply that there are many scatter- 
ing l~ctors in the samples, i.e. vacancies, impurities, 
dislocations, grain ~undaries. etc. The mobility shows 
a near T-: i3 dependence above ~ 2 ~  K for samples 
with x_.< 0.015, indicating that the lattice .scattering is 
dominant in this temperature range. 

It is noticed that {BiO~ut)>~s,Se shows the negative 
,,'alu~.~ of Rn above ~ 180 K, indicating that the 
dominant carders are electron.s in this temperature 
range. This behavior could be explained by a two.car- 
rier model. For the two.type-carrier conduction, the 
Hall c~fficient is given by the formula, 

R.  ~ 3rr( p#~ = tl#~ )/[Set P/~h + n/x,o )]". (1) 

where p and n are the densities of the ho:e and the 
electron, respectively, and ~;,, ~ are the correspond- 
ing mobilities. The negative values of R(# are ex- 
pected to be ob~rved when the term n ~  is larger 

rS~  than p ~ .  Such a situation would occur in the ca~e 
when the compound is a ~miconductor with a many- 
valley band structure, where the electrons are 
transported in a rather wide conduction band which 
~ 1 t ~  for a large mobility. The presence of donor 
levels m~y be a po~,ible origin of the mixed conduco 
tion, la the pre~ent ca~e, however, we can hardly 
a~um¢ the existence of a large ~mount of impurities, 
or other factor~ res~n~iblc for the electron donation. 

To investigate the conduction mechanism in more 
detail, we have performed Scebeck measuremen|s. 
Th~ t¢nlpc~aturc dependence of the Secbcck ¢oeffio 
cleat, S for (BiO~o,,~,Se is shown in Fig. 8. The 
distinct anomaly observed at 200oo2t~) K must surely 
¢orres~nd to the transition observed in the p mea- 
surements. The positive values of S indicate that the 

dominant carriers are holes in the measured tempera- 
ture range, which seems to contradict with the results 
of the Hall measurements. In the case of two overlap- 
ping bands of standard form, one obtains 

S = (ahS h + ~.S,.)/(Crh/O',.), (2) 

where tr;,, ~,, and S h, S e, are the values of tr and S if 
only one band is present [10]. Incorporating the pre- 
sent results for the measurements of S to Eq. (2), the 
absolute values of S,. are expected to be smaller than 
those of Sh, This suggests that the conduction of 
electrons has a metallic nature, exhibiting rather small 
values of S, which seems to be in accord with the 
expectation of a wide band conduction for tile elec- 
trons as discussed above, The other compositional 
samples of (BiO)Cul _,S show almost T-linear depen- 
dences of R#t similar to (BiO)Cu,.,)8oSe, and thus the 
values of R n seem to become negative at higher 
temperatures, suggesting that a mixed conduction is 
a l~  apparent for all Cu deficient samples. 

The origin of the phase transition is not clear. The 
tx)ssible candidates could be a structural change, such 
as an order=disorder transition, a semiconductor- 
metal transition originating from the strong electron 
correlation, a charge-density-wave transition caused 
by the electron=lattice interaction, etc. One may con- 
sider the possibility that the transition is intrinsic to 
an impurity phase possibly existing in the samples of 
x ~ 0,02, which cannot be detected in the X-ray mea- 
surements. Tiffs possibility, however, can be excluded 
by the following observations which show that the 
system is homogeneous in the range 0 ~; x ~ 0,l)2, i.e. 
the latent heat was not enhanced as the Cu content 
was decreased, and the Hall measurements showed 
that the carrier concentration was almost constant 
when x increased beyond 0.02, 
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3.2. The (Bit _ ,Sr,  )OCuSe system 

The X-ray diffraction studies revealed that 
(Bi~_+Sr,)OCuSe is stable in the range 0_<x < 0.10. 
The temperature variations of p of (Bi~_,.Sr,.)OCuSe 
(0 < x  <0,10) are shown in Fig. 9. The transition is 
more gradual compared with that observed in the Cu 
deficient system. Fig, 10 gives the temperature varia- 
tions of R u of (Bi~ _,Srx)OCuSe (0 < x  < 0.10), which 
were measured on cooling from 300 to 77 K. The 
dominant carriers are the holes in the measured 
temperature range for all samples. The holes are 
considered to be introduced by the substitution of 
Sr -'+ for Bi "a+. The observed hole densities were 
smaller than the calculated one'~ by on order of mag- 
nitude of approximately 10 for all samples, which is 
quite similar to the results of the (BiO)Cu~_+~Se sys- 
tem, The Hall mobility seems to show a T -~/'a depen- 
dence above ~ 200 K, which is also similar to the 
results of the (BiO)Cu~_,Se system. This system ex- 
hibits no evidence for the two-type-carrier conduc- 
tion, which may suggest that the conduction is carried 
in the different energy bands from those in the Cu 
deficient samples. 

4. C o n c l u s i o n s  

The Hall measurements showed that carrier-doped 
samples of (BiO)Cu~ _,Se (0 < x < 0.020) are degener- 
ate semiconductors. Although the dominant carriers 
are holes mainly originating from the deficiency of Cu 
atoms, conduction is possibly carried by two carriers, 
Io which a many-valley band model was proposed. 
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Fig. 10. Temperature variations of the Hall coefficient R n of 
(Bi t _ ,Sr~)OCuSe measured on cooling, Solid lines are guides to 
the eye. 

From the results of the Hall and Seebeck measure- 
ments, it is supposed that a rather wide conduction 
band is responsible for the electron conduction. A 
band calculation is needed to clarify this speculation. 
The origin of the transition should also be clarified. 
For this purpose, both X-ray and electron microscopy 
investigations are now in progress, The system 
(Bi~_~Sr,.)OCuSe (0 ~ x  ~ 0.10) showed results subs- 
tantially identical to those of the (BiO)Cu~_~Se sys- 
tem, although a two.type-carrier conduction was not 
observed. 
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