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Abstract 

Solid ~flutions of ZrNit ,, ~M~Sn (M ~ Cr, Mn, Cu) were obtained on the basis of the ZrNiSn semiconducting compound 
with MgAgAs structure t ~ .  X-ray analysis was u~d to define the stability range of solid solutions: x = 0.4, 0.5, and 0.1 for Cr, 
Mn, and Cu, respectively. The tem~raturc de~ndenc¢ of resistivity changes from mmiconducting to metallic type with 
ir~rea~iflg x; th~ thermopower remains negative for all investigated samples. The tem~rature dependence of the magnetic 
~u,~eplibility for grNit ~ Mn,Sn and grN,, ,Cr, Sn can be de~ribed approximately by Curie.Weiss law, and the onset of a 
~pontaneoon magnetization occurs for st~all quantities of Mn or Cr, Solid g~lutions with Ca are paramagnetic. ~g~ 1997 
~!mvier S~iencc S~A, 

K¢~word~; Solid ~o!oiion~; Staonidc,,  Semiconductor: Thern lo !~wer ;  l~,lcctrieal resistivity: Magnetic susceptibility 

I. l a t ~ u e t i o a  

~ e  large group of intermetallics with the MgAgAs 
structure type is characterized by a rich variety of 
magnetic aM transport properties ~ from metallic to 
semiconducting ones [I,2]. In particular. MNiSn (M 
Ti, gr, HI') stannides are semiconductors with narrow 
bands [I,3=5]. ~ c  stability of these phases, in gen- 
eral. is determined by the electron concentration 'EC) 
hctor. EC hctor in this case is equal to 8 electrons 
~ r  formula unit noting that gr and Sn atoms give 4 
electrong to the valence hands, and Ni. the 3d band of 
which is filled, gi~es nearly no bonding electrons. 
~ i n g  MNiSn compounds with some elements that 
cau~ EC deviatk, n,  from 8 electrons ~ r  formula 
unit while retaining the same crystal structure can 
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modify dramatmdly the transport properties of these 
compounds [2,6], For example, the properties of 
ZrNito~Co~Sn (xm,,~0,5) change gradually Rein 
semiconducting to metallic ones. The replacement of 
a small Ni quantity leads to a change of the ther- 
mopower from negative in ZrNiSn to positive ( + 150 
to + 2|R) v N / K  at 300 K for x ~ 0.05-0.15) but the 
magnetic su,~eptibility stays like that for ZrNiSn 
which is a Pauli paramagnet. Fe cannot replace Ni in 
ZrNiSn, Magnetic and electrical pro~rties of the 
TiCo, Ni I ~ ,Sn have been studied [7], cross-over from 
metal to semiconductor and from non-magnetic semi- 
conductor to itinerant ferromagnet were observed in 
the series. 

The ZrNiSn compound can ~ a good thermoelec- 
tric material [2], We ~rry  out a systematic study of 
solid solution~ on the ZrNiSn basis with die aim first 
to find oat if ZrNi~ ~ ,Mn,~Sn and grNi I o~,Cr~Sn solid 
so!utions can be formed, then to obtain samples with 
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Table I 
The characteristics of ZrNi~ _ ,, M , S n  solid solut ion alloys (M = Cr, Mn, Cu), Resistivity. and thermopower  values are room temperature data. 
Effective moments  are given per Cr or per Mn atom 

Alloy composi t ion  a (nm) p ( u ~.n)) a ( t t V / K )  Op (K) Pcff( taB) 

ZrNio.qsCruosSn 0.6094(1) 25.0 - 192 1 ! 1 
ZrNio.~oCro.loSn 0.60952(9) 35.2 - 66 98 
ZrNi~.~oCro.:oSn 0.60955(6) 8.3 - 24 i35 
ZrNio.vsCro.:5 Sn 0.60968(6) 5.1 - 15 Pauli 
ZrNio.voCr,.3oSn 0.6097(I) 3.3 - 5.9 Pauli 
ZrNio, aoCro,4o Sn 0.60981(7) 2.3 - 4.5 Pauli 
ZrNio,~Cu, ,~  Sn 0.6102(3) 5.2 - 78 Pauli 
ZrNio,,)oCth~ ioSn 0.6109(2) 3.7 - 58 Pauli 
ZrNio:)5 Mno osSn 0.6093(1) 84.5 - 230 151 
ZrNio,~o Mno.uiSn 0.60944(8) 68.0 - 138 118 
ZrNio st) Mno,2oSn 0.60953(9) 26.0 - 118 78 
ZrNio 75 Mn,  zsSn 0.6096( I ) 31.2 - 46 20 
ZrNio 7o Mno ,auSn 0.60968(6) - -  - 457 50 
ZrNio ~,uMnu 4oSn 0.60966(7) 22.6 - 32 - 53 
ZrNio ~, Mnoso Sn 0.60971(9) 15.3 - i 3 - 12 
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Fig. 1. Resistivity ( p )  and thermopower  ( a )  as functions of tem- 
perature for ZrNi s ~ ~CrxSn solid solutions: (1) x = 0.05, (2) x ~ 0.10, 
(3) x = 0.2, (4) x = {I.25, (5) x - 0.3, (6) x = 0.4. 

high thermopower of the n- and p-types and low 
values of resistivity simultaneously. As the Mn and Cr 
atoms often bear localized magnetic moments in the 
intermetallic compounds with transition elements it is 
interesting to study the magnetic properties of possi- 
ble solid solutions. 

2. Experimental conditions 

Samples of nominal compositions were prepared by 
arc-melting of the pure metals (purity of the con- 
stituents is better than 99.9%) using a tungsten dec° 
trode under a high-purity argon atmosphere. The 
alloys were homogenized by annealing at 1070 K for 
720 Ii in evacuated quartz tubes. The phase purity of 
the samples was checked by X-ray analysis, The elec- 
trical resistivity (# )  and differential thermopower (~) 
relative to copper were measured as described in [8]. 
The magnetization ( a )  was measured using a vibrat~ 
ing sample magnetometer in magnetic fields up to 0.9 
MA/m, whereas the magnetic susceptibility ( A ~) was 
measured using the Faraday balance technique. 

3. Results and discussion 

Doping the ZrNiSn compound (structure type 
MgAgAs, space group F 4 3 m ,  a ~ 0.6099 nm [I]) with 
Cr, Mn. and Cu gives rise to solid solutions. The 
homogeneity region of these solid solutions depends 
on the doping elements. Solid solutions 
ZrNit o,Mn,Sn and ZrNil =,Cr, Sn exist up to x ~ 0.5 
and x~0.4,  respectively. The solid solution for 
ZrNil o,Cu~Sn has a considerably smaller existence 
range (x = 0.1). The lattice parameters of these solid 
solutions do not change significantly (Table 1); this 
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fact shows that Cr, Mn, and Cu atoms replace Ni. If 
Cr, Mn, and Cu atoms replaced Zr or Sn or filled 
vacancies of the ZrNiSn structure, the a parameter 
would ~ changed considerably bec.au~ there is a big 
difference of atomic radii between Ni and Zr or Sn, 
whereas the difference between Ni and the doping 
elements is not significant~ 

The temperature dependencies of p and ~ are 
pre~¢nted in Figs. I~o~. The resistivity of 
ZrNit~Cu~Sa ~.lid ~lutions is characterized by a 
metallic ty~ and h,a~ the lowest values of all investi° 
gated ~rk~,~ 'I~l~s resistivity d~rea-scs when Cu con. 
ce:nt~:~fion increases but the t h e r m o ~ e r  changes 
m~re ~ghtty~ A Cu atom replacing Ni in the com.o 
~ d  ~ings one electron more and thus EC deviates 
f t ~  & ~ n o t  sta|es appear in the gap of ZrNiSn and 
thc ~shtMty decrea~:s, For larger Cu concentration, 

these states overlap and merge into the conduction 
band, which begins to be filled, It can be speculated 
that ZrNi~ ~.~Cu~Sn ~lid ~lutions have an electronic 
structure like ~mimetais, the thermoiu)wer of which 
is often high (for instance ~lid .,~lutions between Bi 
and Sb), 

The piT) dependence for ZtNi,= ~Cr~Sn solid ~a)iuo 
tions is similar to the p(T) plots of copper.doped 
alloys but the resistivity values are approximately one 
order of nlagnitude larger than for copper alloys. Mn 
substitution of Ni in the ZrNiSn compe:md leads ~o a 
gradual change of p(T) from semiconducting to 
semimetallic ryes. Contra~ ~o Co ~lid ~lutions, all 
the ~li, d solutions investigated in this study have 
negative values of the thermopower (Figs. 1-3), as 
well when adding as removing ~ electrons. The 
thermopower increa~s in ab~lute value with incteas- 
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ing temperature and decreases in magnitude with 
rising concentration of doping components. 

A dependence of the magnetic susceptibility on 
magnetic field (tendency to saturate the magnetiza- 
tion) was observed in ZrNi~_xMnxSn and 
ZrNi~_xCrxSn alloys. This x ( H )  dependence is 
pronounced for small Mn concentration and becomes 
nearly negligible for the maximum concentration of 
doping components. The same x ( H )  dependence is 
observed for the Cr-containing alloys with x = 
0.05-0.2. At higher Cr content (0.25-0.40), the alloys 
become Pauli paramagnets. All Mn alloys, and 
ZrNil_xCrxSn with x=0.05-0.2, can be approxi- 
mately described by a Curie-Weiss law at high enough 
temperatures, the magnitudes of effective magnetic 
moments and paramagnetic Curie points are given in 
Table 1. ZrNit_xCu,Sn solid solutions have the 
smallest X values ( ~  10 -8 emu/g). 

We think that the influence of Mn and Cr on the 
electric properties of ZrNiSn is different from that of 
Cu and Co (Fe does not substitute to Ni). As said 
before, Cu atoms raise the EC. Co atoms have .~n the 
ZrNit_xCoxSn an electronic structure close to 3d '° 
with a filled 3d band, as shown by the Pauli paramag- 
netism of ZrNit_xCoxSn. In this case the electron 
concentration diminishes and holes appear in the 
electron structure. Contrary to the case of Cu which 
gives up one 4s t peripheral electron to the conduction 
band, Co atoms fill their 3d shell leaving holes in the 
band (this is shown by the positive thermopower). An 
Fe atom would change the EC in such a way that the 
solid solution cannot exist. 

The high solubility of Mn and Cr in ZrNiSn and the 
onset of a magnetic phase at low temperatures, the 
amount of which diminishes with increasing Mn or Cr 
content, indicates another mechanism of atomic inter- 
actions in these solid solutions. We may suppose that 
the elcct~on states of Mn and Cr are localized for a 
small doping rate of these elemetqs. In that case Mn 
forms magnetic moments with overall ferromagnetic 
interactions, and the 3d shell does not contribute (or 
gives a weak contribution) to bonding electrons. The 
high value of p and a confirms that there is no filling 
of the 3d shell of Mn by the other valence electrons, 
otherwise ~ should be positive (as for Co). However, 
as the Mn content rises, the hybridization with other 
electrons should increase, a part of electrons will be 
shared with the conduction band, modifying the ef- 
fective electron concentration EC, and the localized 
moments can disappear, which is revealed by the 
disappearance of the ferromagnetic magnetization as 
x rises. 

As Mn atoms replace the Ni atoms statistically, a 
spin glass behavior is probable. The same feature may 
occur through the replacement of Ni by Cr, and solid 
solutions havt: properties similar to those obtained 

with Mn, Apparently, the Cr v a l e ~  electrons are 
more delocali~d than Mn electrons° ~ a t  lea~ to 
Pauli paramagnetism of Cr alloys with x ~,, 0 ,~-0A 
and to a smaller value of the resistivity, It ~ be 
speculated that the magnetic behavior of 
ZrNi~_ xCrxSn can be as complex as that for se~mag- 
netic semiconductors which show magnetic d i a ~ s  
with transitions from paramagnetic, spin gl,xss to fer- 
romagnetic behavior as a function of the co~n t ra -  
tion of magnetic atoms [9]. 

x ( H )  dependencies are usually observed when in- 
homogeneous magnetic microregions appear in the 
narrow-gap semiconductors highly doped by magnetic 
elements [10]. The auto-localization of the charge 
earners becomes possible into these magnetic micro- 
regions. When temperature is increasing, these inho- 
mogeneous states are destroyed and transition to the 
metallic state of the conductivity can be observed, 
The increase in magnetic impurity concentration (Mn 
or Cr) results in the reduction of the localization, thus 
to an increased conductivity, which explains the met- 
allization of conductivity in these solutions. 

4. Conclusion 

The synthesis of the solid solutions ZrNito ~M~Sn 
(Or, Mn, Co, Cu) gave us a possibility to investigate 
the influence of Ni substitutions in ZrNiSn. Co and 
Cu, which are adjacent n¢ighbours of Ni in the p¢o 
riod, replace the Ni atoms changing the electronic 
concentration and this change determines the region 
of solubility, No solid relation was observed for Fe. 
Small concentrations of Mn or Cr atoms do not 
change the bonding electron concentration EC ~s ~ 
consequence of the localization of 3d elcctron~, When 
increasing further the Cr or Mn cont,nt, 3d ,lectron~ 
start to delocalizc and hybridiz, with the conduction 
band, resulting in a metallic or semimetallic st~t,, 
Measurements of magnetic and electrical pro~rties 
at low temperatures and under high magnetic fi,ld~ 
are in progress. 
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