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We studied the magnetization of zinc blende Mn1-xCrxS films embedded between diamagnetic ZnSe

layers grown by molecular beam epitaxy with chromium mole fractions x � 0.7. These ternary

semiconductors exhibit an increasing ferromagnetic contribution with increasing x caused by

competing antiferromagnetic and ferromagnetic coupling. As a result, whereas MnS in the zinc blende

phase is a pure antiferromagnet, it was found that with increasing x zinc blende Mn1�xCrxS became a

ferromagnet. The ferromagnetic phase transition dominates in case of x greater than about 0.5. Hence,

we conclude that metastable zinc blende CrS will be a ferromagnetic material with half-metallic

character in contrast to the analogous stable NiAs-structure which exhibits an antiferromagnetic phase

transition. VC 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.3697834]

Half-metallic ferromagnets are discussed as a fundamen-

tal ingredient for semiconductor based spintronic devices,

because they have a spin alignment at the Fermi energy but an

energy gap for the minority spin channel. Based on theoretical

calculations Cr-chalcogenides in the zinc blende (ZB) phase

have been predicted to be half-metallic ferromagnets.1–3 A se-

rious obstacle is the fact that the thermodynamically stable

crystallographic phase is the NiAs-structure which exhibits,

however, an antiferromagnetic phase transition.4 We have

shown earlier that growing binary MnS and MnSe on top of

zinc blende ZnSe layers stabilizes the metastable ZB phase.5,6

In the present paper, we used a similar method to stabilize the

ZB structure of ternary (Mn,Cr)S films. The binary end mem-

ber MnS is an antiferromagnetic semiconductor even in the

zinc blende structure. It is the aim of the present paper to

study the magnetic properties of (Mn,Cr)S and their respec-

tive changes with increasing Cr content.

(Mn,Cr)S/ZnSe heterostructures were grown in a Vac-

uum Generators V80H MBE System using Zn, Se, Cr, and

Mn elemental sources and ZnS to supply sulphur.7,8 The

structures were grown on GaAs (100) substrates at tempera-

tures of 240–270 �C. All samples were of the form GaAs

(sub)/ZnSe (50 nm)/Mn1�xCrxS (d)/ZnSe (50 nm), as we

have previously shown that this structure is ideally suited for

analysis by x-ray interference (XRI).9 This technique pro-

vides information on layer thicknesses and compositions for

central layers in the nm range.

However, XRI also requires that the (Mn,Cr)S film

thicknesses are in the nm-range to avoid exceeding the criti-

cal thickness for strain relaxation. The sample details

obtained from XRI are given in Table I.

These small layer thicknesses are still sufficient to real-

ize spin manipulation in desired spin devices if the layers

remain ZB. In situ RHEED measurements and the high qual-

ity of the XRI spectra demonstrate that all the (Mn,Cr)S

films exhibit a perfect zinc blende structure. In particular,

XRI is sensitive to any perturbation of the crystal structure,

such as the presence of dislocations, secondary phases or

segregation, and no such effects were observed.

A bright field TEM image is given in Fig. 1 of sample 3

with x¼ 0.49 as an example. The (Mn,Cr)S layer is clearly

visible between the ZnSe cladding layers on the GaAs

substrate.

The magnetization measurements have been performed

in a commercial superconducting quantum interference de-

vice (SQUID) magnetometer, Quantum Design MPMS5, in

the temperature range 2 K � T � 300 K, where homogene-

ous fields of �5 to 5 T can be applied. Since there is always

a very strong diamagnetic background due to the GaAs sub-

strate and the ZnSe-layers, we sometimes reached the resolu-

tion limit of the magnetometer for our thin (Mn,Cr)S-films.

Nevertheless, a clear tendency could be revealed, which is

seen in Fig. 2. The temperature dependence of the magnet-

ization M is depicted in Fig. 2 for all (Mn,Cr)S-layers at two

different external magnetic fields 0.05 T and 0.1 T. The field

direction was perpendicular to the growth axis, i.e., in plane.

Despite the fact that the magnetization is rather weak

due to the small number of magnetic moments in the layers,

significant changes in the magnetization can be observed

with increasing x. In Fig. 2(a), the magnetization vs. temper-

ature is depicted for the Mn1�xCrxS film with x¼ 0.15. The

TABLE I. Parameters of the Mn1�xCrxS-layers.

Sample 1 2 3 4

Cr-content x �0.15 0.28 0.49 0.68

Layer thickness d (nm) 5 6 0.5 5 6 0.5 6 6 0.5 14 6 0.5
a)Electronic mail: wolfram.heimbrodt@physik.uni-marburg.de.
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curve approximately resembles the curve of pure ZB-MnS

with an antiferromagnetic (AF) phase transition and a Néel-

temperature of about TN¼ 115 K.10,11 The onset of the AF

ordering is seen as kink in the magnetization with decreasing

temperatures.

We marked TN by a dashed line. In Fig. 2(a), TN is

found to be 136 K for the sample with x � 0:15. At lower

temperatures, an additional small ferromagnetic contribution

can be seen, which was not observed in pure MnS and is

obviously also caused by the Cr incorporation. The onset of

this ferromagnetic phase is marked by a dashed-dotted line

and is slightly above 50 K.

A similar spectrum but having different transition tem-

peratures was measured for the Mn1�xCrxS layer with

x¼ 0.28 (Fig. 2(b)). Both phase transition temperatures are

now slightly higher compared to Fig. 2(a). The Néel-

temperature is about TN¼ 175 K and TC � 60 K.

In terms of a Heisenberg model, the Mn-Mn as well as

the Cr-Mn exchange interaction is supposed to be antiferro-

magnetic, whereas the Cr-Cr interaction should be

ferromagnetic.3

In MnxCd1�xS, it is known from ESR studies that the

Néel-temperature decreases strongly by replacing Mn ions

with nonmagnetic cations, which perturbs the magnetic lat-

tice.12 However, for MnxCr1�xS, the Néel-temperature obvi-

ously increases which clearly indicates that the AF coupling

between Cr and Mn is stronger than the Mn-Mn coupling,

i.e., the respective exchange integral is stronger.

Assuming a random distribution (i.e., no ordering or

phase separation), the number of Cr ions on the cation sub-

lattice with Cr nearest neighbors also increases with increas-

ing x. Therefore, we suggest the ferromagnetic contribution

at low temperatures is caused by the increasing number of

Cr-Cr pairs and larger clusters. With increasing mean Cr

cluster size, the respective phase transition temperature

increases as well. With about x¼ 0.5, the ferromagnetic cou-

pling becomes dominant.

In Figs. 2(c) and 2(d), the magnetization curves are

depicted for x¼ 0.49 and 0.68, respectively. The magnetiza-

tion is now clearly dominated by the ferromagnetic phase

transition and no antiferromagnetic phase transition can be

seen anymore. The Curie-temperatures are TC � 90 K for

x¼ 0.49 and TC � 114 K for x¼ 0.68, respectively. We can

conclude, therefore, that the changes of the magnetic behav-

ior are correlated with x, in particular, the ferromagnetic con-

tribution increases and the respective Curie-temperatures

shift significantly to higher temperatures with increasing x.

Fig. 3 shows a summary of these data as a function of x.

We found no significant difference for the two field strengths

and therefore the mean values are depicted for (Mn,Cr)S.

The additional values for x¼ 0 are taken from earlier meas-

urements on MBE grown MnS-Films with a thickness of

FIG. 1. Bright field TEM image of a ZnSe/Mn0.51Cr0.49 S/ZnSe structure on

GaAs (sample 3). The (Mn,Cr)S-film thickness is (6 6 0.5) nm in between

(50 6 4) nm thick ZnSe cladding layers.

FIG. 2. Magnetization data of the

Mn1�xCrxS films in different external

magnetic fields of 0.05 T and 0.1 T. (a)

Sample 1, x¼ 0.15. (b) Sample 2,

x¼ 0.28. (c) Sample 3, x¼ 0.49. (d)

Sample 4, x¼ 0.68.
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8.3 nm.13 For both transition temperatures, TN and Tc, a sig-

nificant increase can be seen. While the Néel-temperature TN

was observed only for x < 0.28, the Curie-temperature Tc is

observable over the entire concentration range and reaches

Tc¼ 115 K for x¼ 0.68.

It should be noted that at large x the coexistence of the

two competing magnetic phases disappears and the magnet-

ization is dominated by the ferromagnetic component only.

In other words, by incorporating chromium into the antifer-

romagnetic ZB MnS it is possible to obtain a ferromagnetic

semiconductor. Therefore, we have demonstrated experi-

mentally that in (Mn,Cr)S the Cr-Cr exchange coupling

mediated by S anions is obviously ferromagnetic in the ZB

structure. We expect, therefore, on the basis of our experi-

mental findings that ZB CrS should also be a ferromagnetic

material and might have the expected half-metallic character.

Thus, the metastable zinc blende CrS phase would be funda-

mentally different to the well known CrS in the thermody-

namically stable NiAs-structure which is an antiferromagnet.

Long et al.3 calculated the influence of the incorporation

of different transition metals such as chromium or vanadium

into zinc blende Mn chalcogenides. From calculations of the

density of states and the magnetic properties, it was found

that the incorporation of Cr or V leads to a half-metallic

character and introduces a ferrimagnetic phase. The latter is

a result of the competing magnetic couplings of the ferro-

magnetic Cr-Cr and the antiferromagnetic Cr-Mn and Mn-

Mn interactions. From this, Long et al. explained an increase

of the ferrimagnetic transition temperature. For chromium

concentrations in the range 0 � x � 0:3, they calculated a

shift of the transition temperature up to 500 K. We could not

find convincing evidence for ferrimagnetism and our ferro-

magnetic phase transition temperatures are considerably

smaller. However, mean field calculations usually overesti-

mate phase transition temperatures.

In summary, it was found that ZB (Mn,Cr)S layers with

x < 0:3 exhibit both an antiferromagnetic and a ferromag-

netic phase transition driven by the coexistence of antiferro-

magnetic Mn-Mn and Mn-Cr coupling and ferromagnetic

Cr-Cr coupling. Above x¼ 0.5, the ferromagnetic coupling

becomes the dominant mechanism and MnCrS behaves like

a ferromagnet.
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FIG. 3. Magnetic phase transition temperatures of metastable zinc blende

Mn1�xCrxS films between ZnSe cladding layers as a function of x. Red

points: Curie-temperature Tc; black squares: Néel-temperature TN.
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