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Fig. 1 Study of thin films grown with different NH4Cl concentration in the electrolyte. (a) Concentration of the different elements (Fe, Mn and O) as a

function of the NH4Cl concentration in the electrolyte. SEM images of thin films grown (b) without NH4Cl, (c) with 1 M NH4Cl and (d) with 3 M NH4Cl in

the electrolyte. To show the morphology of the layers more clearly, the three SEM images are accompanied by an inset with larger magnification, in

which the yellow bar corresponds to 1µm.

layer.

2 Experimental

FeMn films have been electrodeposited on Si/Ta/Au substrates by

potentiostatic deposition using a Ecochemie Autolab PGSTAT po-

tentiostat/galvanostat, which was also used for the electrochem-

ical characterization. The different electrolytes used in this work

contained MnCl2 (0.4 M) as Mn2+ source, FeCl2 (from 4 mM to

400 mM) as Fe2+ source and NH4Cl (up to 3 M) as additive. pH

was adjusted to 3 dropping H2SO4 to the solution. Unless oth-

erwise stated, the electrolyte was deaerated for one hour before

electrodeposition using N2. Electrodeposition was carried out at

room temperature, under stirring, in a three-electrode configura-

tion, using a Pt gauze as counter electrode and a Ag/AgCl refer-

ence electrode (BASi). All samples were electrodeposited during

40 s under a growth potential of −1.7 V (vs. Ag/AgCl). Under

these conditions, all grown samples have an average thickness of

70 nm. To avoid the possible degradation of the electrolyte due

to the oxidation of Fe2+ ions into Fe3+ ions, fresh electrolyte was

prepared and used for each experiment and growth.

A Scanning Electron Microscope (SEM) JEOL JEM 6335

equipped with Energy Dispersive X-Ray Microanalysis was used

to study the morphology and composition of the samples. All the

EDX measurements are expressed in unit of % at. The crystalline

structure was studied by grazing incident X-ray diffraction (XRD)

with PANalytical X-ray diffractometers using Cu Kα radiation. X-

ray absorption experiments were performed at the SpLine beam-

line at the European Synchrotron Radiation Facility (ESRF). We

carried out X-ray absorption near edge structure (XANES) spec-

troscopy experiments at the Fe K-edge (7.11 keV) and Mn K-edge

(6.539 keV) in fluorescence mode at room temperature.

We have measured hysteresis loops as well as thermal evolu-

tion of magnetization below and above room temperature. Mag-

netic measurements at room and low temperature (5-300 K) were

performed in a Superconducting Quantum Interference Device

(SQUID) and in a Vibrating Sample Magnetometer (VSM), both

from Quantum Design. Thermal evolution of magnetization be-

low room temperature was measured under an applied field of

500 Oe either under field-cooling (FC) and zero-field cooling

(ZFC) conditions. A 20 kOe magnetic field was applied before

the measurement of the FC curve. Thermal evolution of mag-

netization at high temperature (300-460 K)was measured in a

LakeShore VSM Magnetometer with an applied field of 5 kOe.

3 Results and discussion

3.1 Electrodeposition of FexMn1−x
alloys

The electrodeposition of metal manganese is quite complex due

to its low reduction potential, beyond the hydrogen and water re-

duction potentials. To incorporate Mn to the films, it is necessary

to stabilize the Mn2+ ion in the electrolyte. For this purpose, their

complexation using Cl− has been proved to be essential26. The

NH+

4
ion has also a beneficial effect in Mn electrodeposition: it

increases the solution conductivity and prevents the precipitation

of manganese oxides and hydroxides22. We have added NH4Cl as

additive to take advantage of these effects.

To check the effect of the concentration of NH4Cl, we have

electrodeposited a series of samples varying the concentration of

NH4Cl from 0 to 3 M in an electrolyte containing 0.4 M MnCl2
and 4 mM FeCl2. In these experiments, the electrolyte was not

deaerated before or during the electrodeposition process or the

electrochemical measurements. Figure 1.a clearly shows that the

incorporation of Mn in the layers is extremely dependent on the

NH4Cl content in the electrolyte. In fact, if no additive is present,

there is not measurable incorporation of Mn in these layers while

the relative Mn content in the layer increases up to 80% when

increasing the additive concentration. The oxygen content of the

sample also depends on the NH4Cl content. Although the mea-

surement of O using EDX is semiquantitative, the large obtained

values indicate the presence of an important amount of oxides in

the grown layers, which is reduced down to 10% by incorporating
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of the layers. The position of the peak for the Fe-rich sample co-

incides with the position for the Fe reference foil, indicating the

presence of Fe clusters in the sample. In the Mn50Fe50 sample, the

peak is shifted towards lower R values, as well as in the reference

Mn50Fe50 foil. A similar behavior is observed when measuring

close to the Mn K-edge (see Figure 5.c). The position of the peak

for the Mn-rich sample coincides with the position for the Mn ref-

erence foil, showing the presence of segregated Mn clusters in

the sample. Finally, in the case of the Mn50Fe50 electrodeposited

sample, the peak position coincides with the one of the reference

Mn50Fe50 foil. Thus the analysis of the XANES data confirms the

formation of the alloy in the case of the Mn50Fe50 films.

3.3 Magnetic properties

We have studied the magnetic properties of samples grown in re-

gion III (Mn-rich samples) and region II (Fe50Mn50 samples. To

understand the magnetic behavior of the different layers, it is im-

portant to note that Mn is an allotropic material which have four

phases, three paramagnetic and one antiferromagnetic with Néel

temperature close to 96 K.27 In MnFe alloys, the Néel tempera-

ture increases with the increment of the Fe content, being antifer-

romagnetic at room temperature for Fe:Mn ratios close to 1:128.

Figure 6.a shows representative FC-ZFC curves of samples with

less than 50% Fe (region III in Figure 4.a). In particular, we show

the curves corresponding to films with composition Fe10Mn90 and

Fe30Mn70. Two features are clearly observed in these curves. First,

there is a clear a transition at around 100 K, transition which

is more clearly shown in the derivative of the ZFC curve (Fig-

ure 6.a). Secondly, ZFC and FC curves do not match above the

transition temperature, which proves the existence of magnetic

order above this temperature. These features can be can be ex-

plained considering that, in these two samples, the Fe and Mn in

the sample growth segregated and, therefore, the layers are com-

posed by Mn clusters inside an Fe-rich matrix. The transition at

around 100 K is shown at the same temperature for the samples

independently of the composition. This transition corresponds to

the Neel transition in pure Mn clusters. The separation between

FC and ZFC curves above the transition, which is fingerprint of a

ferromagnetic component, is due to the Fe-rich matrix, which is

expected to be ferromagnetic well above room temperature.

This segregation in the Mn-rich samples is also confirmed by

measuring the hysteresis loops of the layers. Figure 7 show the

hysteresis loops of a Fe30Mn70 film measured at room temperature

and also at low temperature (5 K) after cooling the sample in a

20 kOe magnetic field. The inset is an enlargement of the central

part of the loops. In the measurement at low temperature there is

a clear ferromagnetic component together with a shift of the hys-

teresis loop in the direction of the cooling magnetic field, a clear

indication of the existence of exchange bias. This shift disappears

when measuring at room temperature. Again, this magnetic be-

havior can be explained assuming an Fe-rich matrix, responsible

of the ferromagnetic signal, coupled with antiferromagnetic Mn

clusters. The coupling between the ferromagnetic Fe and the an-

tiferromagnetic Mn is the origin of the observed exchange bias,

phenomenon that disappears above the Neel temperature of the
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Fig. 6 (a) Thermal evolution of magnetization (FC-ZFC curves) and (b)

derivative of the ZFC curves for samples grown in the region III of

figure 4.a. The Néel temperature of pure Mn is indicated in the figure as

a dashed line. (c) Thermal evolution of magnetization measured at high

(300-460 K) temperature for samples with composition Fe50Mn50.

antiferromagnetic Mn. Therefore, the exchange bias is not ob-

served in the hysteresis loop measured at room temperature.

The magnetic behavior of the sample with composition close to

Fe50Mn50 (region II) is completely different. In particular, the pre-

viously observed transition at 100 K disappears, (see Figure 6.a)

which suggests that this transition is shifted towards higher tem-

perature. The absence of the transition at 100 K for this par-

ticular sample is again more clear in Figure 6.b, in which the

derivative of the ZFC curve for the three samples is graphed.

Whereas there is a clear peak in the derivative for the Fe10Mn90

and Fe30Mn70 samples, as mentioned before, no peak is observed

for the Fe50Mn50 layer. In addition, the thermal evolution of mag-

netization at high temperature (Figure 6.d) show a transition at

450 K, very near to the reported value of Néel temperature of

a Fe50Mn50 alloy29. This is a strong indication that in this case

we have an antiferromagnetic alloy with transition temperature

above room temperature and not segregation of Mn in the the

film. It should be noted that the evolution of magnetization at

high temperature has been measured at a quite large applied field

to have enough signal in the magnetometer. This field is the origin

of the increase of magnetization observed when approaching the

transition temperature. Close to this temperature, the exchange

coupling in the antiferromagnetic alloy is weakened, favoring the

alignment of the magnetic moments along the direction of the

applied field.

The analysis of magnetic measurements confirm what was ex-

pected from the structural characterization: the electrodeposited
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3244–3250.

29 C. Won, Y. Z. Wu, H. W. Zhao, A. Scholl, A. Doran, W. Kim,

T. L. Owens, X. F. Jin and Z. Q. Qiu, Phys. Rev. B, 2005, 71,

024406.
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