
I 

the award of a fellowship during 
ted. The technical assistance of 
atefully acknowledged. 

01. 33, 811 (1969). 
n 1959. 
1952). 
.6). 
102, 1460 (1956). 

Iy Vol. I, Kynoch Press, Birmingham, 

d I. I. YMIZIN, phys. stat. sol. 34, K29 

. 14, 27 (1961). 

t,1969) 

Ii 
I' 

-

\ 
I 
I 

. 

I 

f 
I 

I 

GALK-AA 70-0025 

~---.-......-- .. _---_._ ................... --------- .. -.-~-

A. A. GALK1N et 0,1.: Magnetic Transformations in Mn2GeySbl _
1I 

phys. stat. sol. 37, 851 (1970) 

Subject classification: 18.3 and 18.4; 1.2; 22.8 

Physico-Technical Institute oflhe Ukrainian Academy 0/ Sciences, Donetsk 

lUagnetic Transformations in the :;Un2Ge!lSb t_ 1I System 
in Strong lUagnetic Fields under High Pressure 

By 
A. A. GALKIN, E. A. ZAVADSKII, and E. M. MOROZOV 

851 

At temperature changes some magnetic phase transformations are observed in the 
M1I2Ge li Sbl-!I system, which are accompanied h:- magnetic structure changes. The main 
characteristics of such transformations. magnetization change. change of the entropy of 
the spin system, and transition heat. were determined on the basis of magnetic measure­
ments over a wide range of magnetic fields. The effect of pressure on the magnetic trans­
formation temperature was also studied. An analysis of the experimental results is made on 
the basis of Kittel's exchange inversion theory. 

Bei Temperaturanderungen werden einige magnetische Phasentransformationen im Sy­
stem Mn2GeuSbl- 1I beobaehtet. die von magnetischen Strukturanderungen begleitet sind. 
Die Hauptcharakteristiken solcher Transformationen. )Iagnetisierungsanderungen; Anele­
rungen der Entropie des Spinsystems und Ubergangswarme, werden auf der Grundlage 
magnetischer )Iessungen in eincm groBen )£agnetfeldbereich bestimmt. Dcr Einfluf3 yon 
Druck auf die magnetische Transformationstemperatur wurde ebenfalls lllltersucht. Eine 
Analyse dcr experimentcllcn Ergebnisse wird auf der Grundlage der Kittelschen Austausch­
inversionstheorie durcbgefUhrt. 

1. Introduction 

In the l\In2GellSb1 _ y system there were observed two phase transitions of the 
first kind , at which the lattice symmetry did not change. These are a transition 
from the ferrimagnetic structure (F'\[) to the spiral one (SP) and from the spiral 
to the anti ferromagnetic structure (.-\'F) (lJ. Furthermore at nitrogen tempera­
ture one more magnetic transformation was observed which is connected wit.h 
a lattice symmetry change [2). .-\.s a result of this transformation the rigid 
collillearity of su blattice magnetizations is distorted and a transition into 
the weak ferromagnetic state (F.'.IS) is obsernd. For the description of magnetic 
transformations associated with t.he exchange interaction inversion Kittel 
dc\'eloped it thermodynn,mic theory, supposing that the molecular firld constant 
", presenting interlattice interaction. depends on temperature and hence on 
the lattice parameter C. Assuming a linear dependence of exchange interaction 
on lattice parameter, it is possible to write 

(1) 

where Ck is a lattice parameter cmresponding to the exchanf!e intemction in­
Y('rsion. It was cxpectell t·hnn. that the magnetizations of sublattir('s 111.\ and 
.1I B were equal and did not depend neit.hcr on C nor on tcrnpC'rutllre. Using 
slI('h a form of the exehan!!e energy in the expression for the thermodynamic 
potential, KiLtel obtained relations connecting phYi:>ical qUflDt.itics which dcfine 
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the system state. Appl)~ng these relations, it is possible, on the basis of a study 
of magnetic transformation s in the systcm in the presence of strong magnetic 
field, to calculate the temperature coefficient of (a'l\Jap) and to compare the 
calculated value with the experimental one. It would directly allow to judge 
about the application of Kittel's theory to the description of magnetic trans­
formation in the l\In2Gey~bl_Y system under pressure. Such a comparison is 
given in our paper. 

2. ~Ieasurements and Salllllics 

Investigations were carried out on polycrystalline samples of the :Jln2GeIlSbl _11 
system with composition y = 0.04,0.08,0.12, 0.16, and 0.20 . :JIagnetic measurc­
ments were performed in pulse magnetic fields up to 300 kOe in the temperature 
range from 77 to .,1,50 Ole The measurement technique and sample preparation 
were the same as in pa per (l]. The shift of transition tempera ture with pressure 
was studied by the electrica l resistance anomaly at the phase transition point. 
The samples were placed in a high-pressure bomb where measurements were 
performed at pressures up to 15 katm and in the temperature range 77 to .,1,50 OK. 
Pressure was measured with a manganin manometer using methods described 
in [3]. 

3. Results of lUcasurcments 

From the numerous compositions of the system studied we use only data 
obtained on samples with y = 0.08, 0.12, 0.16, and 0.20 which we consider to 
be of interest. 

Fig. 1 shows the temperature dependence of magnetization for samples of 
l\In2Geo.loSbo.u composition obtained in fields of 53, 106, and 212 kOe. _-\t low 
temperatures the m agnetization is very low and practically docs not depend 
on temperatUl'e , which is characteristic of the antiferromagnetic state. 

"With temperature increase a transition is obserycd fir t into the spinll state 
and then into the ferrimagnetic one. Increase in the magnetic field strength 
shifts both tran~itions to the low-temperature region. The magnetization yailles 
17.3 e.m.u. /g at 3.,1,0 OK , 16.1 e.m.u./g at 360 OK , and H.5 e.m .. u ./g at 365 OK 
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are close to the magnetization saturation of l\In2Sb at the same temperatures 
(4]. Similar dependences are also observed for 1\In2GeO.12SnO.88 samples, in which 
both AF-SP and SP-FM consecutive transitions were found with temperature 
change. For l\In2GeO.2SbO.8 samples a different behayiour is observed. Fig. 2 
shows the temperature dependence of magnetization measured in one of the 
samples with the above mentioned composition at different values of magnetic 
field strength. At low temperatures here too the AF structure is realized, but 
with temperature increase the t,ransition to the F~I structure is observed, but 
no SP structure is found. 'With field increase the transition temperat·ure is 
decreased and the magnetization in the F)I state is consistent with data obtained 
for MnzSb. Fig. 3 is expected to be a kind of generalization of the strong 
magnetic field effect on the transition temperature, where the Tk(Hk ) depen­
dence is shown for different transitions. The dependences 1 and 2 correspond 
to AF-SP transitions , the remaining ones to AF-F)[ transitions. Fig. 3 vividly 
depicts all dependences as linear ones which little cliffeI' in their slope. The 
temperature for a phase transition offirst kind must depend not only on magnetic 
field.- stn~ngth but also on pressure. Our measurements showed that with 
pressure increase the transition temperature rose botb for the AF-FM transition 
a.nd the SP-F)I one. The temperature dependen ces of the electrical resistivity 
of Mn2GeO.0"Sbo.92 are shown in Fig. 4. These dependences were obtained at clif­
ferent pressure. As is seen from Fig. 4, with pressure increase the SP-FM 
transition t.emperatnre is shifted into the high-temperature region. 
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4. Discussion 

Kittel's theory was r('peatedly used for the explanation of the magnetic field 
influence on the AF -F':\I-type transition temperature. In this case the fulfilment 
of the basic conclusion for this theory was experimentally verified. It may be 
possibly written as 

j12 
6.C = const , (2) 

where J1 is the su bla ttice magnetization, 6.C the lattice parameter change 
accompanied by the transition. 

At present one can consider it proved that condition (2) is fulfilled in the 
Mn2_",Cr",Sb system [5]. This is also true for the :\In2GevSb1 _ y system as evidel1('ed 
by the experimental results reported by us. Thus Kittel's theory quite satis. 
factorily describes the magnetic field influence on the transition temperature. 
which is accompanied by an exchange interaction inversion. But it is not cl('tll' 
how this theory is applicable to the description of the pressure influence on the 
transition temperature. This subject must be soh 'ed separately for each in. 
vestigated system as in theory it is assumed that with transition the lattice 
parameter changes only along the c.axis, while in reality any other lattice 
parameter may change . ,re consider the verification of the theory logically 
justified, when the calculated value (a'l'k/ap) is comparable with the measured 
one. 

The temperature dependence of Tk on pressure, in accordance with Kittel'~ 
theory, is described by the following expression: 

(3) 

where y is the Young modulus. (aCT/aT) the thermal expansion coefficient of 
the crystal cell along the c-axis . 

In order to use expression (3) for calculations one has to make use of two 
relations obtained in Kittel's work [6]: 

(-1 ) 

and 

(5) 

Thus for calculation of (6TJcP) it is necessary to know the entropy change ~s 
of transition. the sub lattiee magnrtimtion .11 , and the lattice paramekr 
change 6.0 at transition. The ndue of 6.0 is to be founel from X-ray diffractillll 
invest.igations, the L'rlllajnin~ (Iuantitie ' can be fuund from magnetic measure, 
ments in strong m<l,!!net.ic fields. 

A thermodynamical analysi ' of phase trallsitions of the first kind gins the 
following transition temp('rtlture dependence on lIIagnetic field strength [7]: 

T k = '1", 0 _ I ~ ~a , (ti) 
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Table 1 

Composition Tran- TkO Us aH.,JaT ,j.S D.Q 
sition (OK) (e.m.u./g) (Oe/deg) (erg/g deg) (cal /g) 

:\ln2GeO.12Sbo.88 AF-SP 
I , 285 16.4 3.57 X l()3 5.84 X 1()-l 0.4 

AF-F:\l : 324 23.2 3.96 X 1()3 9.2 X 1O~ 0.71 
I 

1Iln2Geo.16Sbo.84 AF-SP I 327 10.8 3.23 X 1()3 I 3.5 x l0~ 0.27 
AF-nl , 372 13.1 4.41 X 1()3 5./8 x 1~ 0.513 

~ln2Geo.2oSbo.80 AF-nl : 370 7.1 4.28 X 1()3 3.D4x 10~ 0.269 

where TkO is the transition t emperature without magnetic field , /).a the sublattice 
magnetization change, c.S the change of entropy of the spin system at transi­
tion. 

From the t emperature dependence of magnetization , a(T), measured in 
strong magnetic field , it is possible to define /).a , and from the experimental 
dependence TdHk) it is easy to find (8H k /8 T k ). Then on the basis of (6) it is 
'possible to calculate the entropy change and transition heat. 'Ye haye performed 
such calculations for all inycstigated samples. Table 1 gins the calculated 
results for three compositions in which all magnetic transformations peculiar 
to the "Mn2GevSb1_ y system are observed. Using the results given in Table 1 
and the X-ray diffraction investigations of the Mn2Gel/Sb1 _ y system [8], we ha ve 
for Mn2GeO.12Sbo.ss 

.1112 _ 105 G2/ 1 tlC - 3.8x 1\'. 

Then using y = 2 X 1012 cm-1 g S2 [5] it is possible on the basis of (4) to cal­
culate 

80: - = 5.9 X 104 erg/G2 A . 
oC 

Now on the basis of (5) we can define a thermal expansion coefficient of the 
lattice, (8CT /8T) = 7.7 X 10-4 A/deg, and calculate using (3) the coefficient 
(aTk/oP). For l\In2Geo.I~Sbo."" we obtain 

8T 
8; = 4.25 deg/katm . 

ri~. 5. Comparison of l'xperimrota l and cnlru­
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Fig. 5 exhibits the experimental dependence of transition temperature 
change on pressure in a~In2Geo.l~Sbo.~ · sample(curye 1), plot,ted by us on the 
basis of cur,es analogous those given in Fig. 4. It is po sible to show that the 
T k(P) dependence must be linear only at low pressures, so deyiations of the 
experimental dependence 1 from slope 2 are readily explained. In Fig. 4: tlH' 
calculated dependence is shown by the dotted line 3; its slope essentially ilifferl> 
from the experimental ntIue (B'1\ /BP) = 2.3 deg/katm at T = 324 oK. A simi-
lar discrepancy was also obsen-ed in the l\In2 _xCr",Sb system [9 , 10]. It is . 
appropriate to assn me that these deviations are caused by the fact tha"t in ' '" 
Kittel's theory only the change along one crystallographic axis with transition . i 
is ' considered , while in reality. as is shown by X -ray in,estigat.ions of the I 
Mn2 _XCr",Sb system [9] , AF-F~I transitions are accompanied not only \"it-h . 
an increase of the parameter O. but with a decrease of the parameter a. Thus '. 
the cryst~l cell yolume cl:ang,~ at transitio~of ~he AF-F~I type will be little . .- /_ 
less than It was assnmed m Iuttel's theory. ThIS must result m a decrease of . 
the coefficient (6'1\ /eP). "'e have no values for the ~In2Ge!fSbl _ !f system. but j 
if for estimates one uses a value obtained for the l\Inz - ",Ci-:t..S.l.? -~steJU • . the _ _ I 
calculated value of (6T k /oP) would be 2.47 deg/katm. This nlue is close to 
the experimental one of 2.3 deg/katm, obtained for-:Jln~Geo.l~bo.88 ' . 

Thus the magnetic transition in the l\In2GeySb l _ 1I system under high pressure ~ L 
at room temperature cannot be des.::ribed by Kittel 's theory "ithout correc- r 
tions due to the change of unit cell parameters along different axes. I 
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