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Crystal and Magnetic Structure of the NiMnl+Ti,Ge System 
BY 
IT. B ~ ~ E L A  (b) and A. SZYTULA (a) 

The magnetic and crystallographic nature of the compounds NiMnl-tTi,Ge (0 1) are 
studied by X-ray and neutron diffraction and magnetometric measurements. It is shown that 
the solid solutions arise for 0 5 t 1, with the crystal structure of the NiTiSi type. A magnetic 
phase diagram is constructed: for 0 s t 5 0.1 helicoidal order exists, for 0.15 t 0.85 a non- 
colinear one. NiTiGe is Pauli paramagnetic. The interpretation of the results is performed in terms 
of a model proposed by Jaccarino and Walker. 

B~IJIH npoBeneHbI HccaeHoBamR coemaeeati THna NiMnl-tTitGe (0 t 5 1) MarHeTo- 

t 

MeTpHWCKHM MeTOnOM H MeTOHaME nH@paHIIEIU HefiTpOHOB H peHTreHOCTPyKTypHOr0 
aHaJIH3a. 0 6 ~ a p y ~ t e ~ 0 ,  ¶TO CYlIIeCTByeT He~pepbIBHbIfi PRn TBepnhKX PaCTBOPOB (0 t 5 
S 1) H ¶TO Bce ~ T H  coemHerms o6nanam~ KpHcTannusecsotl c ~ p y ~ ~ y p o t  THna NiTiSi. 
OnpeneneHa M ~ ~ H H T H Y H )  @ ~ ~ O B Y H )  marpamy: coenmems c 0 5 t 5 0,l uMem 
~eJIHKOHjqaJIbHyI0 Marmwm CTPYKTYPY, a coenuHeHus c 0,15 5 t 5 0,65 HeKOmu- 
HeapHym c~pyrcrypy. CoeWHeme NiTiGe smseTcs napaMarHeTHKoM naymi. IIony- 
¶eHble pe3yJIbTaThI MOXHO 06bBCHUTb Ha OCHOBe MOAeJIH, llpe;qJIOXeHHOfi ~aKKBPYIH0 
H BanbHepoM. 

1. Introduction 

The magnetic properties of the MM'X compounds (with My M iron group transition 
elements, X:Si, Ge) have been investigated for many years [l to 51. These compounds 
have the same orthorhombic NiTiSi type structure but they exhibit different mag- 
netic behaviour: 1. NiMnGe and CoMnSi [l, 21 are antiferromagnetic with helicoidal 
magnetic structure, 2. CoMnGe and NiMnSi [3,4] are colinear ferromagnetics. The 
difference of the magnetic properties between these compounds seems to  be connected 
with different numbers of the (3d + 4s) electrons and with interatomic distances. It 
has stimulated interest in the properties of solid solutions of these compounds. 

The present paper describes the results of the magnetic and neutron diffraction 
investigations of NiMnl -LTi,Ge solid solutions carried out in order to  have further 
understanding of the magnetic properties of these compounds. 

2. Experimental 

2.1 Sample prqmration 

:Stoichiometric amounts of high purity constituent (Ni, Mn: 42V, Ti: 3N, Ge: 5N) were 
melted together in an argon atmosphere, using an induction furnace. Al l  samples were 
then annealed in argon filled quartz tubes at 1200 K for 100 h, and cooled to room 
temperature over a week. 

l) ul. Reymonta 4, 30-059 Krakbw, Poland. 
2, Podchorqzych 1,30-084 Krakbw, Poland. 
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2.2 X-ray studies 

X-ray measurements on the powders were carried out using a DRON-1 diffractometer 
with FeK, radiation. From t = 0 to t = 1 all the lines observed could be indexed in 
the orthorhombic NiTiSi-type structure. A least-squares fit to the observed 20 values 
was used to obtain the lattice parameters. The variations of the lattice parameters 
with composition are shown in Fig. 1. The b constants are independent of composition, 
while the a and c constants exhibit a jump in the region 0.4 5 t 5 0.5. 

2.3 Magnetic macroscopic measurements 

Low field magnetometric measurements (up to 1.0 T) were carried out in tempera- 
tures ranging from 100 to 600 K, using an electronic balance. 

The measurements in strong magnetic fields (up to 15T) for the samples with 
t = 0, 0.05, 0.1, 0.25 were performed with a pulse magnetometer of conventional 
design [ S ]  at temperature of 80 K. 

The magnetization and reciprocal magnetic susceptibility versus' temperature 
curves are shown in Fig. 2. 

For the samples with t = 0.05 and 0.1 the temperature dependences of magnetic 
susceptibility have apparent maxima at the NBel temperature. The jump of the tem- 
perature dependence of susceptibility for the sample with t = 0.05 at  Ttm = 200 K 
(similar as NiMnGe) on heating proves the existence of an additional phase transition. 

TfKl -- 

Fig. 1 Fig. 2 

Fig. 1. The variation of the lattice parameters, the unit cell volume, the a/b ratio, and deformation 
parameter 6 = (c/@) - 1, as functions of composition for the NiMnl-tTi,Ge system 

Fig. 2. Results of magnetic measurements for the NiMnl-tTi,Ge system 
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Fig. 3. High field magnetization curves of NiMnl-tTitGe (t = 0, 0.05,0.1, 0.25) at 80 K. The 
same dependence in a weak magnetic field is also shown 

For the samples with 0.15 5 t 0.65 a spontaneous magnetization is observed at  
low temperatures (see Fig. 2). The values of magnetization decrease with increasing t. 

For the samples with 0.7 5 t 5 0.95 the reciprocal susceptibility obeys t,he Curie- 
Weiss law at high temperatures. The deviation from Curie-Weiss law observed at low 
temperatures is connected with some ferromagnetic impurity. 

The magnetization curves up to 15 T obtained at  80 K are shown in Fig. 3. As it is 
seen from the figure, the magnetization curves for samples with t = 0, 0.05, and 0.1 
indicate their metamagnetic nature. The same dependences in weak magnetic 
fields for the samples with concentrations 0.15 5 t 5 0.65 are also shown. For the 
samples with t = 0.05 and 0.1 the magnetization is linear, while for the compounds 
with 0.15 5 t 5 0.65 the magnetization curves have ferromagnetic character but do 
not attain saturation in the magnetic field of H = 1 T. 

Table 1 
The results of magnetometric measurements for the NiMnl-tTi, system 

t Peff (PB) 
formula unit 

0 
0.05 
0.10 
0.15 
0.20 
0.25 
0.30 
0.40 
0.50 
0.55 
0.60 
0.65 
0.70 
0.75 
0.80 
0.90 
0.95 

346 277 
333 308 
318 332 
336 340 
330 332 
331 327 
331 331 
320 319 
328 325 
322 330 
331 331 
282 300 

252 
278 
75 
I94 
208 

4.3 
3.85 
3.55 
3.35 
3.00 
3.06 
3.00 
2.60 
2.30 
2.15 
2.00 
1.80 
2.00 
2.00 
1.90 
1.30 
1 .00 
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For NiTiGe the magnetometric measurements were performed from 4.2 K to  room 
temperature. The susceptibility does not reveal any temperature dependence. The 
x( T) diagrams are typical for Pauli paramagnetics. 

The NBel or Curie temperatures, the asymptotic Curie-Weiss temperatures 8,, as 
well as the magnetic moment values in paramagnetic state were established from 
these measurements. The results are given in Table 1. The values of the NBel tem- 
peratures decrease with increasing t. The Curie temperatures are constant. The posi- 
tive values of 8, suggest that a ferromagnetic interaction becomes dominant. The 
magnetic moment per formula unit in the paramagnetic state decreases with increase 
in t. 
In order to estimate the magnetic structures of these compounds neutron diffraction 

experiments were performed. 

2.4 Neutron diffraction experiment 

Neutron diffraction measurements were made on powder samples (for t = 0.05, 0.1, 
0.15, 0.25, and 1.0) at the reactor in the Boris Kidri6 Institute in Vin6a. The diffrac- 
tion patterns for the sample t = 0.05, are shown in Fig. 4. 

2.4.1 Determination of crystal structure using neutron diffraction 
The analysis of the nuclear diffraction intensities confirm that the compounds are 
isostructural with NiTiSi type structure. In this structure the atoms of each kind 
occupy their own position 4 (c) in the space group Pnma, 

x 1 z,f L z 1 - x  3 ' + z  '+s 1 1 - z .  
9 4 9  Y p Y  r a  , 4 9 2  , a  9 4 9  a 

The positional parameters x and z determined from nuclear reflections by the profile 
refinement method [7] are given in Table 2. The nuclear scattering lengths were 
taken from the table published in [B]. 

2.4.2 The magnetic structure determined by neutron diffraction measurements 

In the diagrams for samples with t = 0.05, 0.1 at  80 and 295 K extra peaks of mag- 
netic origin were visible. All peaks were indexed by assuming the propagation vector 
Ic = (z, 0,O). The values of z decrease with increase in t. From the analysis of mag- 
netic peak intensities, the following models of helicoidal magnetic st,ructure were 
suggested : 

Fig. 4. Neutron 
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for sample t = 0.05, a t  T < Tt, the spiral axis is parallel to the c-axis (cycloidal 
spiral), z = 0.187, pMn = (2.59 f 0.05) pB, a t  Tt, < T < T, the spiral axis lies 
along the a-axis (simple spiral), z = 0.22, p~~ = (2.0 f 0.1) pB; 

for t = 0.1 at  all temperatures the simple spiral is observed, z = 0.145, p~~ = 
= (2.4 f 0.2) p i  at T = 80 K. 

For the sample with t = 0.05 additional measurements were made in the tempera- 
ture range 80 to 293 K in order to see the influence of temperature on the spiral struc- 
ture. The temperature dependence of the intensity for the (000)f reflection has been 
measured (see Fig. 6). A strong increase in the reflection intensity, connected with the 
reorientation of the spiral axis, is observed at 200 K. 

I n  the case of the samples with t = 0.15 and 0.25 no extra reflections appear. Only 
an increase in the intensities of the fundamental reflections is observed indicating 
that the unit cell has not changed. The analysis using the space group representations 
method [9] gives eight possible magnetic structures: F,C,, F,C,, F,, C,, A,G,, A,G,, 
A,, G,, where 

F = S,+ S2 + S, + S4 9 

C = S, + S2 - S, - S 4 ,  

G =  S1- Sz + 83 + S4 3 

A = S, - S2 - S3 + S 4 .  

The numbers of atoms are given in Section 2.4.1. 
The calculation based on the profile refinement method [7] gives results consistent 

only with the F,C, model. The obtained magnetic moment components of Mn atoms 
are as follows: 

pz = (1.8 f 0.3) /AB, 

p, = (1.0 f 0.5) pB,  

p E  = (2.5 & 0.6) ,LAB, 

p, = (2.5 f 0.7) pB , 
ptot = (3.1 f 0.5) pB 

ptot = (2.7 f 0.7) pB 

fort  = 0.15, 

for t = 0.25. 

3. DiRCURSiOII 

The magnetic phase diagram of the system NiMnl-tTitGe derived on the basis of 
magnetometric and neutron diffraction measurements is shown in Fig. 6. 

In the system NiMnl-$TitGe the magnetic moments are localized only on Mn 
atoms. The magnetic interactions between neighbouring Mn atoms are presented in 
Fig. 7. 

Taking into account the Mn atom distribution in the unit cell and the Goodenough- 
Kanamori rules [lo, 111, the following exchange integrals were obtained for NiMnGe: 
J,, 5 0, JI2 2 0, J,, 2: 0, Jn < 0, J14 5 0. These exchange integrals are in agreement 
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Fig. 6 Fig. 7 

Fig. 6. Magnetic phase diagram of the NiMn-tTitGe system. (AFI simple spiral, AFII cycloidal 
spiral, AF%F, noncolinear structure) 

Fig. 7. Magnetic interactions between neighbouring Mn atoms in the NiMnGe structure 

with the determined magnetic structure, which consists of ferromagnetic planes per- 
pendicular to the a-axis (for the temperatures Tt,,, < T < TN). 

The dilution of the Mn sublattice by Ti atoms in the NiMnl-tTi,Ge compounds 
leads to a diminution of magnetic interactions. 

In terms of a model proposed by Jaccarino and U'alker [12] the decrease in moment 
with decreasing y (y = 1 - t )  can be ascribed to a loss of moment in those Mn atoms 
which have an insufficient number of Mn atoms as nearest neighbours. For each 
concentration y the probability of Mn atoms having n Mn atoms as nearest neigh- 
bours, out of a maximum number of N is given by 

The number N is determined by the crystal structure. N = 6 was assumed taking 
into account all neighbours at a distance less than 4 8. The function P(y ,  n, N )  is 
drawn in Fig. 8 for different y. The maximum in P(y,  n, 6) for y = 0.95 and y = 0.9 
appears a t  n = 6, and for y = 0.85 at n = 5. It was stated that the magnetic structure 
changes at  y = 0.85 ( t  = 0.15). This fact leads to the conclusion that the lack of one 
interaction is responsible for the change of structure. 

A Mn atom takes part in the magnetic interactions if it is surrounded by at least j 
Mn neighbours. If so, the value of the average moment can be approximated by the 

following formula: p(y) = yP,(y)p(y = l), where P,(y) = 

Results of the calculations performed on the assumption that there are at least 2, 3, 
and 4 Mn neighbours are shown in Fig. 9 (curves 1, 2,  3, respectively). The values of 
the magnetic moment, as yielded by magnetometric and neutron diffraction methods, 
are also displayed on Fig. 9. The curve 2 provides the best fit to the experimental 
data. This means that at least three other Mn atoms are needed in the nearest neigh- 
bourhood in order to allow an Mn atom to share magnetic ordering. 

N 

n=j  
P(y, n, N ) .  

41 
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Fig. 8 Fig. 9 

Fig. 8. The function P(y, n, N) calculated for different y for the NiMn,Til-,Ge system 
Fig. 9. Concentration dependence of the saturation moment in the NiMn,Til -,Ge system. The 
full lines represents the calculated values (see text) ; o magnetometric and A neutron diffraction 
measurements 
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