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Structural and magnetic properties of diluted magnetic semiconductor Ge1-xFexTe thin films are

investigated. The conventional structure analysis shows c-axis orientation with columnar growth of

the films and no indication of Fe clusters or second phase. Magnetic measurements combined with

theory models reveal that two ferromagnetic phase transitions occur. We consider that the second

ferromagnetic phase transition in high Fe content thin film is from a ferromagnetic phase with long

range exchange interaction to a superparamagnetic phase with dipole interaction between

Fe clusters, which can be viewed as a signature of spinodal decomposition in Ge1-xFexTe material.
VC 2011 American Institute of Physics. [doi:10.1063/1.3663550]

Spin manipulation has attracted much attention in last

decades. It is mainly based on the diluted magnetic semicon-

ductors (DMSs) which are synthesized by substituting mag-

netic or appropriate rare earth ions onto lattice sites of the

host semiconductors.1 Extensive studies have been done to

explore suitable DMSs for spintronic devices. But all the

efforts face the question: whether the ferromagnetism in

DMSs comes from inherent exchange interaction or mag-

netic clusters caused by spinodal decomposition.2 For exam-

ple, the III-V DMS InMnAs has been applied to fabricate the

spin injector. However, the Mn rich nano-clusters is observ-

able.3 A promising II-VI DMS Co-ZnO has been found to

have high Curie temperature (Tc). But whether the magnetic

property is inherent or not is suspectable.4 Spinodal decom-

position is known to cause the aggregation of magnetic ions

in the host semiconductor but does not involve the precipita-

tion of another phase and therefore is hard to detect experi-

mentally.2 This makes the research of DMSs into a

contradictory situation concerning the origin of ferromagnet-

ism: no observation of clusters, but the concentration of

magnetic ions or carriers is too low to mediate an efficient

long range exchange interaction. Indeed, some groups

reported they observed magnetic ion-rich nanocrystals by

transmission electron microscopy (TEM), but the clusters

were embedded artificially.3 There lacks a direct evidence to

confirm the existence of magnetic clusters due to the spino-

dal decomposition in DMSs. In this letter, we report a second

ferromagnetic phase transition which is caused by the co-

existence of ferromagnetic GeFeTe phase and Fe clusters in

Ge1-xFexTe films. It provides direct evidence that the spino-

dal decomposition exists in DMSs and influences the mag-

netic property.

Ge1-xFexTe films were deposited on Si (001) substrate

by pulsed laser deposition. The structure of the films was an-

alyzed by x-ray diffraction (XRD) and TEM. The magnetic

measurement was performed using a superconducting quan-

tum interference device (SQUID) magnetometer. The trans-

port property was determined by Hall effect measurement.

Figure 1(a) shows the XRD patterns of Ge1-xFexTe films.

Only (003), (006), and (009) peaks were observed in the films

deposited on Si (001) substrate, indicating a preferred (001)

oriented rhombohedral structure.5 As the content of Fe

increases up to x¼ 0.38, some secondary phase of FeTe can

be observed. The lattice parameter c of Fe doped GeTe films

was found to increase slightly with an increase of Fe content

as listed in Table I. Cross-sectional high-resolution TEM

(HRTEM) and selected area electron diffraction (SAED)

pattern of the films can provide convincing evidence of the

FIG. 1. (a) XRD patterns of Ge1-xFexTe thin films. (b) The cross-sectional

TEM of Ge0.98Fe0.02Te film sample, the inset is the HRTEM of the film. (c)

The SAED pattern of the cross-section.

a)Authors to whom correspondence should be addressed. Electronic

addresses: apjhhao@polyu.edu.hk and miaoxs@mail.hust.edu.cn.
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crystalline across the interface.6,7 Figures 1(b) and 1(c) show

the cross-sectional HRTEM images and SAED pattern of our

film sample, respectively. The images show columnar growth

of the film. The SAED pattern confirms that the film is poly-

crystalline structure corresponding to a rhombohedral lattice.

Apparently, no cluster or second phase was observed by both

structure measurements when Fe content x is less than 0.25.

Figure 2 shows the magnetic field dependent magnetiza-

tions (M-H) of Ge1-xFexTe films with an in-plane magnetic

field at 2 K. The saturation magnetizations (Ms) decreased as

the content of Fe increased, which could be ascribed to the

antiferromagnetic alignment caused by the increased amount

of Fe. Similar phenomenon was ever observed in Fe doped

In2O3.8 The inset shows the M-H curves of Ge0.98Fe0.02Te

film under in-plane and out-of-plane magnetic fields. Larger

remanent magnetization and coercivity were observed when

the magnetic field was applied out-of-plane rather than in-

plane, indicating a distinct magnetic anisotropy. Columnar

growth of Ge0.98Fe0.02Te film observed by TEM (Fig. 1(b))

as well as the c-axis orientated rhombohedral (ferroelectric

phase) structure may lead the magnetic anisotropy.9,10

Figure 3 shows the zero-field cooling (ZFC) and field

cooling (FC) temperature dependent magnetization (M-T)

curves under different in-plane applied fields for

Ge0.98Fe0.02Te film. At low temperatures, a large bifurcation

between the ZFC and FC curves and a cusp in ZFC curve are

observed, which brings on the central issue in magnetic sys-

tem: whether the magnetic ground state is a conventional fer-

romagnet or spin glass or superparamagnetic system.11–13 It

is previously reported that the material with magnetic anisot-

ropy has an intrinsic long range ferromagnetic property.14

Next, we will demonstrate that the ferromagnetic behavior is

dominated by magnetic anisotropy-related long range ferro-

magnetic exchange interaction.

It is known that the temperature dependent magnetiza-

tion of a long range ferromagnetic system can be well

depicted by a standard 3D spin wave model which obeys T3/2

law.15 We fitted the FC curve under 500 Oe magnetic field

below Tc (Fig. 3). The measured data shows well T3/2 de-

pendence, indicating a long range exchange interaction exists

in Ge0.98Fe0.02Te film. A modified ZFC model was used to

explain the relationship between ZFC measurement and co-

ercive (Hc).
16 In ZFC treatment, the local anisotropic field

n(E), which can be reflected from Hc(T), resists the align-

ment of spin to the applied magnetic field. On the other

hand, the applied magnetic field (HA) and the total magnet-

ization (MFC) act to align the spin along the external field.

Thus, a simple assumption can be made: MZFC is propor-

tional to HA and MFC, but it is inversely proportional to mag-

netic anisotropy or coercive Hc. We get the following

equations:

MZFCðTÞ � kHAMFCðTÞ=HcðTÞ; kHA � Hc; (1)

MZFCðTÞ � MFCðTÞ; kHA � Hc; (2)

where k is a constant and HA is a given applied magnetic

field. When HA is large, for example, 2500 Oe, the MZFC(T)

will approximately equal to MFC(T), which can be seen in

Figure 3 that the ZFC curve is approximate to the FC curve.

In principle, the external magnetic field is large enough to

overcome the n(E) and rotates the most spin in one direction.

While HA is small, there is a competition among HA, n(E)

and thermal magnetic perturbation. We fitted the ZFC curve

under the 500 Oe magnetic field. A clear cusp in the simu-

lated curve (temperature above Tc of the MZFC curve equals

to FC, not show in the figure) can be observed, which

fits well with the ZFC data (Fig. 3). It gives a complex

temperature dependence of Hc(T), not a simple Hc(T) !
[MFC(T)]n.16 The reproduction of ZFC measurement by the

ZFC model gives further evidence that the ferromagnetism

TABLE I. Carrier concentration p, resistivity q, mobility l, lattice parame-

ter c at room temperature and saturated magnetization Ms at 2 K of

Ge1-xFexTe films.

x p (1020 cm�3) q (10�4 Xcm) l (cm2/Vs) c (Å) Ms (emu/cm3)

0.02 12.1 3.74 13.8 10.4775 14.9

0.08 3.42 4.55 43.8 10.5414 5.2

0.14 4.51 4.88 29.2 10.5615 4.2

0.25 4.71 3.27 40.9 10.5672 2.0

FIG. 2. (Color online) The M-H curves of Ge1-xFexTe films at 2 K. The inset

is the M-H curves of Ge0.98Fe0.02Te film under in-plane and out-of-plane

magnetic fields.

FIG. 3. (Color online) FC and ZFC M-T curves of Ge0.98Fe0.02Te film under

applied magnetic field 500 Oe and 2500 Oe. The line is the theoretical simu-

lation by a mean field theory and improved ZFC model.

202508-2 Tong et al. Appl. Phys. Lett. 99, 202508 (2011)

Downloaded 14 Feb 2012 to 158.132.161.192. Redistribution subject to AIP license or copyright; see http://apl.aip.org/about/rights_and_permissions



in Ge0.98Fe0.02Te film is dominated by intrinsic ferromag-

netic exchange interaction.

Experimentally, we performed transport measurements

to establish the relationship between carrier and ferromag-

netism in Ge1-xFexTe films shown in Table I. Interestingly,

when the maximum value of hole concentration of

1.21� 1021 cm�3 at x¼ 0.02 is reached, both the average

magnetic moment for Fe and the whole saturated magnetiza-

tion get the maximum value, i.e., 4.4 uB and 14.9 emu/cm3,

respectively. While the hole concentrations in higher Fe con-

tent films are close with each other and the Ms decreases

with increasing Fe content. It shows a dependence of Ms on

both hole concentration and Fe content, which is most likely

a Ruderman-Kittel-Kasuya-Yosida (RKKY) indirect interac-

tion via carriers. Therefore, it is reasonable to speculate that

the observed ferromagnetic phase in Ge0.98Fe0.02Te film is

dominated by a long range ferromagnetic exchange interac-

tion via itinerant hole.

Figure 4 shows the FC and ZFC curves of

Ge0.86Fe0.14Te film. Regions I and II of the M-T curves indi-

cate a paramagnetic and ferromagnetic phase, which is con-

sistent with Ge0.98Fe0.02Te film. The FC curve and cusp in

ZFC curve under the 500 Oe magnetic field can be also

depicted by the 3D spin wave and modified ZFC models. It

means that region II in Figure 4 is also a ferromagnetic phase

caused by RKKY interaction via holes. However, at region

III, an abrupt increase of magnetization with decreasing tem-

perature occurs, which differs with the behaviors of

Ge0.98Fe0.02Te film. We performed a Curie-Weiss model to

fit it.17 As can be seen in the inset of Fig. 4, the FC curve

under 500 Oe at temperature lower than 25 K is reproduced

by v¼ v0þ c/(T – h), where c¼ 2.997 emuK/cm3Oe is the

Curie constant and h¼�4.067 K is the Curie-Weiss temper-

ature. The obedience of Curie-Weiss law and the apparent

magnetization indicate a superparamagnetic phase for

Ge0.86Fe0.14Te thin film at temperature lower than 25 K.18 It

implies the existence of Fe cluster in Ge1-xFexTe system

when the Fe content x reaches up to 0.14 which can not be

detected by XRD and TEM.

We believe that many of the observed DMSs may con-

tain considerable magnetic clusters mixed with DMS phase,

quite similar to our Ge0.86Fe0.14Te sample. In region II of

Fig. 4, the magnetic anisotropy field n(E) dominates the

magnetization among external magnetic field, thermal mag-

netic perturbation, and dipole field between Fe clusters. As

the temperature decreases to the critical temperature of

25 K, the dipole field increases rapidly due to the decrease

of thermal perturbation, resulting in the appearance of a

ferromagnetic phase dominated by the superparamagnetic

effect.19 Therefore, we conclude that the ferromagnetic

phase transition in Ge0.86Fe0.14Te thin film is from ferro-

magnet with magnetic anisotropy to superparamagnetic

phase at the critical transition temperature of 25 K. There is

no second magnetic phase transition in Ge0.98Fe0.02Te film

while the doped content increases to x¼ 0.14, a distinct fer-

romagnetic phase transition implying the existence of Fe

clusters is observed, which could be considered as a signa-

ture of the spinodal decomposition in Fe doped GeTe

DMSs.

In summary, we demonstrate that the anomalous ferro-

magnetic phase transition in Ge1-xFexTe films is due to the

co-existence of DMS phase and Fe clusters. Since the clus-

ters in DMSs are hard to detect with conventional crystallo-

graphic methods, we consider that the second ferromagnetic

phase transition is a direct evidence for spinodal

decomposition.
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FIG. 4. (Color online) FC and ZFC M-T curves of Ge0.86Fe0.14Te film under

applied magnetic field 500 Oe and 2500 Oe. The inset is a simulation by the

Curie-Weiss law.
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