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Single crystals of Zn I _ xMnxCr204, where x = 0-1, were grown by the chemical vapour 
transport (CVT) technique using chlorine as the transport agent. A thermodynamic study of 
both systems, (ZnCr204 + MnCr204) CI2 and Zn l_xMnxCrz04-CI 2, was done in order to 
investigate the effect of spurious species, i.e. MnCI2oin ), on the transport of the mixed spinel, 
and structural investigations using X-ray diffraction were carried out. Susceptibility 
measurements as a function of temperature from 2-300 K for the different compositions are 
reported, and the magnetic phase diagram was determined as a function of composition and 
temperature. 

1. Introduction 
The wide range of cation substitutions which can take 
place on tetrahedral (A) and octahedral (B) sites in the 
spinel lattice leads to a number of interesting physical 
properties, especially if the cation is magnetic [ 1 4 ] .  
Different kinds of magnetic order can be found, as well 
as disordered magnetic states, e.g. re-entrant ferro- 
magnet, spin-glass. The latter can occur in the pres- 
ence of a disordered cation occupancy (due to a 
distribution between A and B sublattices [5], as well 
as to a disordered substitution in one of the two 
sublattices [6]) and of magnetic frustration, or due to 
coexisting ferro- and antiferromagnetic interactions 
topological in type, in the presence of antiferromag- 
netic interactions only [7-9]. 

The system Zna _xMn~Cr204 is particularly attract- 
ive because competitive antiferromagnetic interac- 
tions Cr-Cr, Mn-Cr  and M n - M n  are present [10]. 
The two normal spinels MnCr204 and ZnCr204 form 
a solid solution throughout the whole range of com- 
position: MnCr204 is a non-collinear ferrimagnet 
with T c = 43 K [11] while ZnCr204 orders antifer- 
romagnetically with T n = 16 K [12]. Le Dang et  al. 

[11] reported NMR and low a.c. susceptibility of the 
Zn 1 _~MnxCr204 mixed spinel system and for x > 0.6 
observed unidirectional anisotropy and remanent 
magnetization. The existence of a spin-glass state was 
proposed for a narrow range of compositions. 

The details of crystal growth, experimental condi- 
tions, as well as the structural characterization have 
been reported elsewhere [13]. Here, the magnetic 
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properties of the mixed spinel are described in detail. 
In addition, the thermodynamics of the crystal growth 
process has been further developed to include the 
transport of the mixed compound using a model 
which takes into consideration the presence of MnC12 
as a spurious liquid species. 

2. Crystal growth 
The polycrystalline spinels MnCr20  4 and solid solu- 
tions Znl_xMnxCr204 (where 0 _< x < 1) were sealed 
in a previously evacuated (10 -6 torr; 1 torr 
= 133.322 Pa) quartz ampoule under a chlorine pres- 

sure of 0.45 atm at room temperature. Crystal growth 
was carried out using an average temperature of 
990~ [13]. 

Fig. la and b show some single crystals of 
Z n  l _ x M n x C r 2 0 4  with nominal composition x = 0.3 
and 0.9, respectively. In Fig. lb it is possible to see a 
large number of hexagonal platelets of Cr203. These 
could be explained by the fact that manganese con- 
denses as MnC12 and the excess chromium crystallizes 
as C r z O  3. 

Single-crystal diffractometry was carried out on a 
CAD4 or Siemens AED single-crystal diffractometer 
using MoK~ radiation (X = 0.071 069 nm). The atomic 
arrangement determined is characteristic of spinels 
with zinc and manganese atoms occupying the same 
tetrahedral sites and chromium atoms the octahedral 
ones. In this disposition, each zinc or manganese is 
tetrahedrally coordinated while chromium is octahe- 
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Figure 1 Some single crystals of Zn~_=Mn:,CrzO 4 with composi- 
tion: (a) x = 0.3, and (b) x = 0.9. Note the presence of a large 
number of hexagonal platelets of Cr203. 

drally coordinated with oxygen. It has been shown 
[13] that the cell parameter increased linearly with 
nominal manganese content. For the composition x 
= 0.7, the crystal was depleted in manganese with 

respect to the original powder and this was explained 
by the formation of the liquid phase. 

2.1. Thermodynamic analysis 
The ZnCr204-C12 [14] and MnCr204-C12 [13] sys- 
tems have already been studied and in this work the 
thermodynamic system has been further refined to 
include the Znl _xMn=Cr204 mixed spinel. Moreover, 
a calculation was made for a system with two separate 
spinel phases; the zinc and manganese may have 
different reactivities with the chlorine and the trans- 
port reaction may not follow the stoichiometric ratios 
of the solid solution. 

The gaseous species considered were C12, 02, MnC12, 
ZnC12, Zn2C14, CrC12, CrC13, CrC14, CRO2C12. 

Two possible reactions of chlorine with the solid 
phases are described below. 

(a) With Znl_=Mn=Cr204 giving an equilibrium 

Znl_~Mn~Cr20r + 3C12 -+ (1 - x) ZnC12(g ) 

+ xMnC12(g ) + 2CrC12 § 2 0 2  (1) 

The stoichiometric constraints on this reaction are 

Po= = Pcrcl2 § Pcrcl3 § Pc.c1. (2) 
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Po2 + PCrO~C12 = 2 [Pznc l2  + 2Pzn~Cl~ 

+ PM.O~] + (Rr/V)nMncl2 (3) 

x[Pz.c, 2 + 2Pzn~cl. ] = ( 1 -  x)[PM.cI= 

+ (RT/V)nMncI~] (4) 

where Pi (i = C12, 02, etc) are the respective partial 
pressures of the nine gaseous species present in the 
s y s t e m ,  rtMnCl 2 is the number of moles of MnC12 liquid 
formed in the ampoule, and V the volume of the 
ampoule. 

(b) With (ZnCr204 + MnCr204) giving equilibria 

ZnCr204(s) + 3C12 -+ ZnC12(g ) 

+ 2CrC12 + 202 
(5) 

MnCr204(s) + 3C12 --. MnC12(g ) 

+ 2CrC12 + 202 (6) 

The stoichiometric constraints on these reactions 
are 

P02 = PCrCI2 § PCrCt3 § Pcrcl4 (7) 

P02 + Pcro2cl2 = 2[Pznc12 + 2Pz-2cl4 

-}- PMnCI2] § (RT/V)nMnCI 2 (8) 

In addition there is an equation which conserves the 
total number of moles of chlorine in the systems, nc~ ~ 

ncl ~ = ( V / R T )  (Pcl~ + PMnC~ + Pcrcl~ 

+ Pcro~cl: + l'5Pcrcl3 + 2Pcrcl4 

+ 2Pcr2c14 ) + nMncl 2 (9) 

When MnC12 is present as liquid, an additional 
equation is needed to solve for nM.c~ 2. The vapour 
pressure of MnC12 liquid as a function of temperature 
is given by [15] 

1Og,o(PMncl2) = -- 10606 T 1 

--4.331Oglo(T ) + 23.68 (10) 

where PNnCl21iq is in mm Hg. Table I lists the enthalpy 
and entropy values used to calculate the vapour pres- 
sures. 
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Figure 2 Partial pressures calculated for the Zn0.sMno.sCr204-Cl 2 
system as a function of temperature assuming a pressure of C12 of 
0.2 atm at 300 K. 



T A B L E I Thermodynamic data used in the calculations: standard enthalpy of formation, A H ~  entropy, S~ and heat capacity, Cp 

Compound AH2~ S~ Cp - a + bl0 3T + cl05T -2 References 
(kcal mol- 1) (e.u.) (cal deg- 1 mole- 1) 

a b c 

Z n C r 2 0  4 - 370.5 29.8 25.5 21.7 0 [16,  

M n C r 2 0 4 "  - 377 .000  33.7 30.0 - [18,  

Cl  2 0`000 53.28 8.76 0.27 - 0.65 [ 1 8 ]  

O z 0`0 49.00 8.27 0.25 - 1.877 [ 1 8 ]  

Z n C I 2  - 63.881 65.091 14.4 0.2 0 [ 2 0 ]  

Z m C L  - 154.062 98.182 - - [ 2 1 ]  

C r O 2 C h  - 128.6 78.8 25.48 0 - 4.75 [ 1 8 ]  

C r C h  - 30.248 74.636 14.004 0 0 [ 2 2 ]  

C r C L  - 78.1 77.0 19.8 0 - 2.6 [ 2 3 ]  

C r C L  104.5 84.2 25.46 0.24 - 2.36 [ 2 3 ]  

M n C h  - 70.6 61.671 16.29 - 0.38 - 1.08 [ 2 0 ]  

17] 
19] 

a Estimated values. 

The partial pressures of the different species as a 
function of temperature for the transport  reaction of 
Zno.sMno.sCr20 4 are plotted in Fig..2 and for the 
reaction with (ZnCrzO 4 + MnCr204) in Fig. 3. In 
both systems the transport  is from hot to cold 
throughout the temperature range considered. Liquid 
MnC12 is present below 850 ~ and 1030~ in the 
(ZnCraO 4 + MnCr/O4) and Zno.sMno.sCr/O4 sys- 
tems, respectively. The presence of a spurious phase 
may change the zinc to manganese ratio in the crystals 
from the nominal composition. This was seen [13] to 
happen for nominal values of x = 0.7 and 0.9, while 
the calculations indicate the presence of liquid for x 
= 0.5. Although there be some uncertainties in the 

thermodynamic data used, the calculations also sug- 
gest that if the transport  reaction is not stoichiometric 
with the nominal composition, the condensation of 
MnC12 may be shifted to lower temperatures. 

In Fig. 4 the temperature at which MnCIE liquid 
condenses is plotted versus initial chlorine filling pres- 
sure for the Cl2-Zno.sMno.5Cr20 4 system. This curve 
is a guide to the conditions under which the crystals 
should be grown, remembering that a suitable com- 
promise must be reached between an acceptable trans- 
port rate (high temperature and C 1 2  pressure), avoid- 
ing the spurious phase (high temperature and low C12 
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Figure 3 Partial pressure for ZnCrzO 4 + MnCrzO 4 system as a 
function of temperature assuming a pressure of C1 z of 0.2 atm at 
300 K. 
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Figure 4 Calculated temperature at which MnC12 liquid appears 
versus temperature during the growth of Zn0.sMn0.sCr204. 

pressure) and little reaction with the quartz tube (low 
temperature, low C 1 2  pressure). 

3 .  S u s c e p t i b i l i t y  m e a s u r e m e n t s  

D.c. susceptibility measurements were performed in 
the temperature range 2-300 K, a Faraday balance 
with Lewis gradient coils was used between 80 and 
300 K. The system was calibrated using an NBS 
Platinum standard. The applied field was 2.5 kOe. In 
the low-temp~ature  range (2-70K) a commercial 
S Q U I D  magnetometer  (Quantum Design, Hm,x 
= 5.5 T) was used. The measurements, performed on 

single crystals by applying a field of 20 Oe along the 
(1 ! 1) direction, followed the standard zero field 
cooling (ZFC) and field cooling (FC) procedures. 

The Znl_xMnxCr20 4 system seems to be parti- 
cularly attractive because of the coexistence of com- 
petitive Cr Cr (B-B), M n - C r  (A-B) and M n - M n  
(A-A) antiferromagnetic interactions, the last being 
weaker than the others. ZnCr20  4 (x = 0) is an antifer- 
romagnet (TN= 16K, 0 = - 4 2 4 K  [7]), while 
MnCr20  4 is a non-collinear ferrimagnet, T c = 43 K 
[6]. The substitution of zinc by manganese ions, pro- 
gressively changing the spin structure and the res- 
ulting magnetic interactions, leads to a magnetic too- 
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Figure 5 Inverse susceptibility of Zn a _xMnxCr20 ~ as a function of the temperature (80-300 K) for different compositions. 

ment on the tetrahedral sites. The composition de- 
pendence of the effective magnetic moment, ~teff, and of 
the asymptotic Curie temperature, 0, deduced from 
the )~ 1 versus T (K) plots (see Fig. 5) showing a 
Curie-Weiss behaviour, are reported in Table II. 

At a composition x = 0.5, magnetic moment  shows 
a maximum and 0 a minimum value. The substitution 
of zinc by manganese ions progressively perturbs the 
antiferromagnetic structure, leading to a reduction of 
0 for decreasing x down to x = 0.5. At the same time, 
the effective magnetic moment  reaches a maximum for 
x = 0.5; the increase is due to the introduction of the 
magnetic ion in place of a non-magnetic one. Above x 
= 0.5, 0 increases, as long as strong Cr Mn antifer- 

romagnetic interactions are established, progressively 
stabilizing the ferrimagnetic structure. The decrease of 
geff is related to the partial compensation of the 
chromium and manganese magnetic moments, due to 
the antiferromagnetic interactions. 

T A B L E  I I  Asymptotic Curie temperature, 0, Curie constant, C, 
and effective magnetic moment, lae, as a function of manganese 

content 

x (Mn) 0 (K) C (cm 3 mol 1 K) ~te(gB) 

0.0 - 424 0.0166 3.94 
0.I - 414 0.0188 4.09 
0.3 - 399 0.0217 4.17 

0.5 - 400 0.0225 3.88 
0.9 403 0.0177 3.31 
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Low-field and low-temperature susceptibility meas- 
urements are reported in Fig. 6. The ZFC branch 
shows a sharp maximum at Tmax, the spin-glass freez- 
ing temperature, whereas the FC curve continues to 
increase below Tma x. Except for x = 0.3, the FC and 
ZFC curves split just below Tm, x. Both the maximum 
in ZZFC and the irreversibility below Tmax resemble a 
spin-glass behaviour, although in canonical systems 
XFC remains constant or shows a small maximum 
below the freezing temperature. The data are con- 
sistent with previous N M R  and susceptibility meas- 
urements performed in a limited composition range 
(x > 0.6), showing remanence and unidirectional an- 
isotropy after field cooling for samples with x = 0.70 
and 0.75 [11]. However, further detailed measure- 
ments are needed to confirm the existence of this spin- 
glass state at low temperature. It is well known, in fact, 
that a system of correlated magnetic clusters can 
display a similar macroscopic behaviour, due to the 
blocking of their resulting moments. For x = 0.3 the 
appearance of irreversibility at 70 K gives clear evid- 
ence of a progressive blocking of clusters of spins, 
which should freeze cooperatively at lower temper- 
atures (Tin,x). The magnetic phase diagram, obtained 
from the dependence of Tmax on composition x (in- 
cluding T s and Tc for x = 0 and 1, respectively), is 
reported in Fig. 7. Starting from x = 0 and 1, both the 
antiferromagnetic and ferrimagnetic states are per- 
turbed and then destroyed, leading to a spin-glass like 
state, or a cluster glass state in the intermediate com- 
position range. The spin-glass like state, or cluster 
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Figure 6 Susceptibility as a function of temperature (H = 20 Oe): 
(a) (A) x = 0.1, ( + )  x = 0.9; and (b) (A) x = 0.3, (A) x = 0.7. 
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Figure 7 Magnetic phase diagram for Zn 1 xMnxCr204 in the 
temperature range 2-300 K (AF = antiferromagnetic, Fi = ferri- 
magnetic). 

glass state characterized by correlated ferrimagnetic 
regions of different size, are a result of the increased 
frustration determined by the coexistence of antifer- 
romagnetic interactions competing between them. The 
existence of ferrimagnetic domains, with a structure 
similar to that of MnCr204, was detected by NMR 
spectra for the composition x =0.7  [11]. This is 
consistent with a cluster-glass picture. 

4. Conclusion 
Pure and mixed single crystals of Znl_xMnxCr204 
spinel with 0 < x _< 1 have been grown by Chemical 
vapour transport using chlorine as a transport agent. 
Crystal sizes Were typically 2 mm on edge. The crystals 
with nominal manganese composition x = 0.7 were 
found to be depleted in manganese. A thermodynamic 
analysis on the Zn0.sMno.sCr204 confirms that liquid 
MnC1 z would condense causing this depletion. A fur- 
ther analysis treating the system as two separate 
oxides suggests that the zinc is more reactive with 
chlorine shifting the range of compositions for which 
liquid MnC12 forms to higher values of x. 

From susceptibility measurements a magnetic 
phase diagram (temperature versus composition) was 
determined, showing the evolution from the antifer- 
romagnetic (x = 0) and ferrimagnetic (x = 1) state to a 
spin-glass like state. This could be stabilized by the 

disordered substitution between zinc and manganese 
ions in the tetrahedral sublattice, and by the coex- 
istence of different antiferromagnetic interactions, in 
competition between them. 
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