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Highly ordered B2 FeRh films with sharp magnetic transitions from the antiferromagnetic (AF) to

ferromagnetic (FM) states were prepared on thermally oxidized Si wafers with thicknesses as low

as 10 nm. It is found that the transition temperature increases as the thickness decreases from 80 nm

to 15 nm, and then decreases from 15 nm to 10 nm. While the ratio of the residual magnetization to

the maximum magnetization keeps nearly unchanged for the film thickness of 15 nm and larger, it

increases significantly when the thickness is reduced to 10 nm. This residual magnetization was

suppressed by slightly increasing the Rh atomic content in 10 nm thick FeRh films. Low-pressure

deposition is found to play an important role in the stabilization of the AF phase. By depositing

FeRh films at an extremely low pressure of 0.057 Pa, a residual magnetization as small as

13.5 emu/cc at 100 K was observed for a film with a nominal thickness of 10 nm deposited on Si

wafer. This value was further reduced to 6 emu/cc when the film is deposited on MgO substrates

due to much improved FeRh crystallinity. These results are in close agreement with theoretical

predictions on defect and interface induced FM stabilization. VC 2013 American Institute of Physics.

[http://dx.doi.org/10.1063/1.4798275]

INTRODUCTION

B2 ordered FeRh alloys show a unique magnetic transi-

tion from the antiferromagnetic (AF) state at low tempera-

ture (LT) to the ferromagnetic (FM) state at elevated

temperatures. This property has attracted increased interest

in FeRh thin films due to its potential applications in mag-

netic random access memory (MRAM)1,2 and magnetic re-

cording media.3,4 The main challenge for these applications

is to prepare ultrathin FeRh films without a residual FM

phase at LT and also that display a sharp transition to the FM

state at elevated temperatures, and vice versa. As discussed

in Ref. 3, FeRh layer with a thickness of 10 nm or less could

provide sufficient exchange coupling strength between the

storage layer and the assist layer to reduce switching field

significantly without affecting the thermal stability of the

storage layer at ambient temperature. However, a sharp AF-

FM transition of FeRh film was only achieved in films with a

thickness of 14 nm and above.5 When the thickness was fur-

ther reduced to 10 nm, a large residual magnetization was

observed along with a broad transition.6 Furthermore, the

above mentioned films were grown on MgO (001) substrates,

which cannot be utilized in practical applications. Some

groups7,8 have also reported the growth of FeRh films on

amorphous substrates like glass and thermally oxidized Si

substrates. However, a sharp transition was only achieved

for thick films (�150 nm) using these substrates. The origin

of the residual FM phase in the ultrathin film remains

unclear. Fan et al.9 ascribed the residual magnetization to the

FM phase existing in a region within 6–8 nm of the FeRh

near the top and/or bottom interfaces. Based on ab initio cal-

culations, Lounis et al.10 reported that a FM state is stable up

to 9 atomic layers in an Rh-terminated FeRh film. In addi-

tion, the effects on the surface of the film accompanying the

FeRh magnetostructural transition have been studied in

Ref. 11, which shows that the surface strain relief fosters

nucleation of the ferromagnetic phase.

In order to reduce the residual magnetization and under-

stand its origin, systematic studies were performed on the

magnetic properties of FeRh ultrathin (�10 nm) films grown

on MgO(001) substrates and Si(001) substrates (with 1 lm

thermal oxide). In comparison with the typical residual mag-

netization reported in literature (about 250 emu/cc),6 the re-

sidual magnetization in this work was significantly reduced

to 6 emu/cc through the fine tuning of the film composition

and depositing the films at low pressure on MgO substrates.

EXPERIMENTS

FeRh thin films were grown on thermally oxidized Si

(100) wafers by the co-sputtering of pure Fe and Rh targets in

an ultrahigh vacuum sputtering system with a base pressure of

<5� 10�6 Pa. A typical layer structure is Si/SiO/MgO(10)/

FeRh(10)/Ru(5), where the digital numbers indicate thick-

nesses of each layer in nanometers. The MgO seed layers and

the Ru capping layers were both deposited at room tempera-

ture, while the FeRh films were deposited at a pressure of

0.059 Pa (unless specified otherwise) and a temperature of

650 �C. The film thicknesses were controlled by adjusting the

deposition time with deposition rates obtained from the meas-

ured thicknesses and known deposition times of reference

films which were deposited at room temperature. The crystal-

line structures of the films were analyzed by x-ray diffraction

(XRD). X-ray photoelectron spectroscopy (XPS) was used to

determine the film composition. Magnetic properties such as

the temperature dependence of the magnetization and hystere-

sis loops were measured using a superconducting quantum in-

terference device (SQUID) with a maximum field and a
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highest temperature of 70 kOe and 400 K, respectively. The

composition was considered optimized when the sputtering

powers were fixed at 80 W and 87.5 W for Fe and Rh targets,

respectively, to produce a smallest residual magnetization at

100 K for a 80 nm thick FeRh film.

RESULTS AND DISCUSSION

Fig. 1 shows the temperature dependence of the magnet-

ization (M-T) with an applied field of H¼ 1 kOe for various

thicknesses of FeRh layers. All these films clearly show an

AF-FM phase transition. As the thickness decreases, the

maximum magnetization achieved at 400 K after heating

decreases and the transition hysteresis becomes broader,

which is consistent with that reported in the literature.6 It is

noted that although the hysteresis of the transition tempera-

tures defined by the maximum derivative of the M-T curves

for the 80 nm thick film is about 20 K, similar to that reported

before,5,6 there is a long tail for the FM-AF transition down

to a temperature below 300 K. This broadening of the FM-

AF transition could be attributed to the composition fluctua-

tions in the film as well as the poorer crystalline orientations

of the MgO buffer layers grown on the oxidized Si wafers as

compared to MgO(001) substrates. Similar to that reported

by Suzuki et al.,6 the AF-FM transition temperature

increases slightly as the film thickness decreases from 80 nm

to 15 nm as observed in Fig. 1. This could be ascribed to the

stress induced by the lattice–mismatch at the interface

between FeRh and MgO, analogous to the observation in

high-pressure experiments on bulk FeRh.12,13 However, one

can see the transition temperature is shifted to the lower tem-

perature when the thickness is reduced from 15 nm to 10 nm,

which will be discussed later. As shown in the inset of Fig.

1, it is found that the ratio of the residual magnetization

(Mrs) in the AF state to the maximum magnetization (Mmax)

achieved in the FM state remains nearly unchanged at about

4.5% as the thickness decreases from 80 nm to 15 nm. This

result implies that this residual magnetization is not from the

interface, but from the composition fluctuations throughout

the film. When the thickness was further reduced from 15 nm

to 10 nm, the residual magnetization increases significantly,

together with an increase in the total magnetization achieved

at the FM state. The increase of the residual magnetization at

the ultrathin thickness has been ascribed to the surface/inter-

face effect due to the broken symmetry which contracts the

4 d band of the Rh atoms, increasing the density of states at

the Fermi level [Ref. 10]. However, since the increase in re-

sidual magnetization is accompanied by an increase in the

total magnetization at the FM state and the film thickness is

much larger than that for the FM stabilization, we think the

residual FM phase might arise from the formation of FM a0

phase due to the composition fluctuations over the film.

In order to reduce the FM a0 phase in the ultrathin FeRh

film, the composition of the film was further tuned at a film

thickness of 10 nm. To do this, the sputtering power of the

Fe target was fixed at 80 W, while Rh sputtering power (PRh)

was increased gradually. As shown in Fig. 2, a slight increase

of the Rh content reduces the residual magnetization signifi-

cantly, which is most likely due to the suppression of the a0

phase or the transformation from the FM a0 phase to the AF

a00 phase. A small residual magnetization of about 18 emu/cc

was obtained when PRh¼ 92.5 W and 95 W. In contrast,

Suzuki et al.6 reported a residual magnetization of 250 emu/

cc for a 10 nm thick FeRh film. As reported by van Driel

et al.,14 Rh richer FeRh films have higher transition tempera-

ture and lower saturation magnetization. When the Rh con-

tent is further increased to PRh¼ 97 W, as shown by filled

downward triangles in Fig. 2, the residual magnetization

increases along with a reduced magnetization after the AF-

FM transition occurs at about 400 K. As shown in Fig. 3,

XRD results show no sign of the c FeRh phase in the films as

the sputtering power of Rh increases from 87.5 W to 97 W.

The background difference in XRD measurements for the

sample deposited at 92.5 W resulted from the different align-

ment of XRD during h-2h scans. This result suggests that the

thinner film needs more Rh to stabilize the AF phase than

the thicker films. The additional Rh does not promote the

formation of c FeRh phase, but most likely forming Rh-

terminated grains. The AF stabilization in the Rh-terminated

grains seems to contradict the results based on the ab initio

FIG. 1. Temperature dependence of magnetization measured at an applied

field of 1 kOe as a function of film thickness. The inset gives the ratio of the

residual magnetization (Mmin) in the AF state to the maximum magnetiza-

tion (Mmax) achieved in the FM state for various thicknesses.

FIG. 2. M-T curves of 10 nm thick films deposited with different sputtering

powers for Rh target for the fine tuning of Rh content in the films.
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calculations,10 which show that the AF phase is more stable

than the FM phase at any thickness for the Fe-terminated

film while the FM phase will be more stable only till 9

atomic layers for the Rh-terminated film. However, it should

be pointed out that the calculations in Ref. 10 did not con-

sider the interaction (FM exchange coupling) between FeRh

grains in a real film. For Rh-terminated grains, the FM

exchange coupling could be decoupled by Rh layer, thus sta-

bilizing the AF arrangement within the grain. The exchange

coupling induced FM stabilization could be demonstrated in

the following result. As shown in Fig. 4, when a FM Fe layer

was deposited on the FeRh layer before Ru capping layer at

room temperature (to avoid the interdiffusion between the Fe

layer and FeRh layer), the AF-FM transition in the film was

completely destroyed. In contrast, for Ru capped FeRh films

deposited subsequently, a clear AF-FM transition was

observed. Similarly, Ding et al.15 also reported that the near-

surface/interfacial magnetism of FeRh may be modified by

choice of capping layer. They found that even a non-

magnetic capping layer could induce FM stabilization in the

FeRh film.

Our sputtering system is equipped with an inductively

coupled plasma coil which allows for thin film deposition at

an extremely low pressure down to 0.057 Pa. As discussed

above, our ultrathin FeRh films exhibited lower residual

magnetization and sharper transitions than reported so far in

literature. To examine whether the good FeRh performance

results from the low-pressure deposition or not, the magnetic

properties of two samples deposited at a pressure of 0.105 Pa

and 0.057 Pa were studied. At 0.105 Pa, the composition was

tuned and considered optimum when the lowest residual

magnetization was achieved. At 0.057 Pa, the composition

was adjusted to be the same as the optimum composition

achieved at 0.105 Pa. Thus, the effects arising from composi-

tion difference are excluded when comparing the properties

of these two samples. XPS measurements (not given here)

confirmed that the two samples have exactly the same Fe and

Rh content. Fig. 5 shows M-T curves measured at 1 kOe (the

inset) and 50 kOe. At an applied field of 1 kOe, as shown in

the inset of Fig. 5, the AF-FM transition is not yet completed

as SQUID can only heat the sample up to 400 K. An com-

plete transition can be only observed at a high magnetic field.

As shown in Fig. 5, when a field of 50 kOe was applied, the

transition is shifted below 400 K. As a result, the larger mag-

netic transition was obtained and the magnetization at 400 K

is much larger than that measured at 1 kOe. At a field of

50 kOe, not only was a small residual magnetization

obtained, a sharp AF-FM transition was also observed for

the sample deposited at 0.057 Pa, while the sample deposited

at higher pressure shows a broader transition with a larger re-

sidual magnetization. Such a small residual magnetization in

the low-pressure deposited sample was further confirmed

through magnetization curve (M-H) measurements. Figs.

6(a) and 6(b) show M-H curves measured at 100 K, 300 K,

and 400 K for the samples deposited at pressures of 0.105 Pa

and 0.057 Pa, respectively. For the FeRh film deposited at

the pressure of 0.105 Pa, obvious FM hysteresis loops were

observed at a temperature down to 100 K, while almost no

hysteresis loop was detected at 300 K for the sample depos-

ited at the pressure of 0.057 Pa. However, it is also noted that

at 100 K there is a small hysteresis loop for the low-pressure

deposited sample, showing the existence of the FM phase. A

careful examination of the M-T curve measured at 1 kOe for

FIG. 3. XRD patterns of 10 nm thick B2 ordered FeRh films with different

Rh contents. No c FeRh (200) peak is observed, indicating that there is no c
FeRh phase formation even in the Rh-rich film.

FIG. 4. M-T curves of 10 nm thick films capped by Fe (2 nm) and Ru

(5 nm).

FIG. 5. M-T curves of 10 nm thick films deposited at different pressures

measured at a field of 50 kOe. The inset gives the M-T curves measured at a

field of 1 kOe.
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the low-pressure sample shows that the magnetization

decreases almost linearly from 13.5 emu/cc to 3 emu/cc as

temperature increases from 100 K to 260 K before the onset

of the AF-FM transition. Extrapolating this linear M-T curve

to zero magnetization, we found that the Curie temperature

of this FM phase is about 310 K. As the composition was

considered optimized, this FM phase could be ascribed to the

interface/surface induced FM stabilization as predicted by

Fan et al.9 and Lounis et al.10 Comparing the XRD results

(not shown here) of these two samples, it was observed that

the two samples have similar diffraction peaks in h-2h scans

and the resulting order parameter is also similar (I001/

I002¼ 0.94 and 0.98 for P¼ 0.057 Pa and 0.105 Pa, respec-

tively). Therefore, it is most likely that the smaller residual

magnetization and the sharper transition observed for the

film deposited at low pressure is from the more uniform

composition distribution in the film which resulted from the

higher energy of the sputtered adatoms arriving on the sub-

strate due to the lower working pressure. In addition, as

shown in Fig. 7, the grains in the film deposited at low-

pressure pack more closely and are slightly larger in size.

This could lead to an improvement in the strength of the

magnetic coupling between the grains, which might be

another reason for the sharper transition observed in Fig. 5.

It is noted that a certain amount of residual magnetiza-

tion appears for all of our samples. Moreover, at a thickness

of 10 nm, the transition is much broader than that in thicker

films. From the phase diagram,16 it can be seen that the tran-

sition temperature is expected to increase as Rh content

increases within the a00 phase region. Hence, a FeRh film

having a continuous composition spread within the a00 phase

could correspondingly result in the onset of AF-FM transi-

tion occurring at a continuous spread of temperatures, thus

possibly explaining the broadening of AF-FM transition. It is

noted here that given the nature of the co-sputtering process,

it is reasonable to expect some composition distribution in

the deposited films. Other possible mechanisms responsible

for the broadening include stress and defects. As pointed out

by Kaneta et al.,17 the AF structure would be destabilized

when the amount of the site-exchange defect density exceeds

the threshold of 0.8%/f.u. In order to examine this effect,

MgO(001) substrate was used to grow an ultrathin (10 nm)

FeRh films to improve the crystallinity. For comparison, a

Si/SiO substrate was also loaded in the chamber in order to

deposit the FeRh film simultaneously on both substrates. An

MgO buffer layer was deposited on both substrates before

the FeRh deposition. The M-T curves of the two samples are

shown in Fig. 8. The magnetic transition is much sharper and

FIG. 6. Magnetization hysteresis loop of 10 nm thick FeRh films deposited at (a) 0.105 Pa and (b) 0.057 Pa measured at various temperatures.

FIG. 7. AFM images of 10 nm thick FeRh

films deposited at different pressures: (a)

0.105 Pa and (b) 0.057 Pa.
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the amplitude of magnetization transition was found to be

larger for the film deposited on MgO substrate. The tempera-

ture hysteresis of the transition is 56 K and 60.6 K for the

MgO and Si substrates, respectively. The hysteresis of the

transition is much larger than that observed in thicker films,

even for the MgO substrate. Such behavior was attributed to

the decrease of the grain size in the ultrathin films.18 The

stress and its distribution in the film could be another origin

of the broader transition observed in the FeRh film grown on

Si substrate. On the other hand, for the film grown on MgO

substrate, the stress could be more uniform over the surface

due to better crystalline structure of the MgO underlayer. In

other words, the FeRh layer deposited on Si substrate might

have a wider crystalline orientation distribution of FeRh lat-

tice. That could cause a large distribution of the stress from

the lattice mismatch between FeRh and MgO buffer layer,

resulting in the broader transition. It is noted that for the

FeRh film deposited on the MgO substrate, the residual mag-

netization is as small as 6 emu/cc at 100 K, in contrast to

24 emu/cc for the film deposited on Si/SiO wafer, implying

the high stability of the AF phase at low temperatures for the

former. Such low residual magnetization and sharp transition

could be related to a high quality crystalline structure of the

FeRh film. As shown in Fig. 9, the intensity of FeRh (001)

XRD peak is much higher for the film deposited on the MgO

substrate and this in addition to its narrow width indicates a

much better crystalline structure in the FeRh film deposited

on MgO, since the two samples were deposited simultane-

ously and the thickness of the films is exactly the same. This

suggests that the good magnetic properties could be achieved

by improving the crystalline ordering of ultrathin FeRh films.

However, as shown in the inset of Fig. 8, even the FeRh film

on MgO substrate still exhibits some residual magnetization

which decreases as temperature increases from 100 K to

160 K, clearly demonstrating the existence of a FM phase.

This FM phase might be attributed to the defect-induced

FM stabilization. Further suppression of the residual magnet-

ization could require a complete removal of the defects in

the film.

As shown in Fig. 9, the FeRh (001) peak is shifted to the

lower angle for the film deposited on MgO substrate,

implying the expansion of the film along c axis. The lattice

parameter c of FeRh films is estimated to be 2.984 and

2.999 Å for Si and MgO substrates, respectively. This is sim-

ilar to the result reported by Bordel et al.,19 where FeRh

grown on an ion-beam-assist-deposited MgO layer on a-

SiOx/Si substrate was found to have a smaller c compared to

FeRh grown on regular MgO substrates. The larger c param-

eter in FeRh grown on single crystalline MgO substrates is

attributed to the in-plane contraction along the [100] and

[010] axes due to the lattice mismatch between the FeRh

film and the MgO substrate. This compressive stress would

increase the magnetic transition temperature,12,13 which is

contrary to the observation from Fig. 8. AFM images of the

films (not given here) did not show much difference in the

surface morphology of the two films. It is unclear why the

transition temperature is lower for the FeRh film grown on

MgO substrate. The large difference in the thermal expan-

sion coefficients between Si (4.68� 10�6/K) and MgO

(13.5� 10�6/K) substrates might also have caused the varia-

tion in the transition properties. Since the thermal expansion

coefficient of MgO substrate is larger, greater compressive

stress might be produced in the FeRh film when the FeRh

film deposited at 650 �C was cooled down to room tempera-

ture. The resultant effect could be such that the transition

temperature of the FeRh film grown on MgO substrate is fur-

ther increased. From the literature19,20 and the results shown

in Fig. 1, the transition of the thicker (>15 nm) FeRh films is

always shifted towards higher temperatures as the compres-

sive stress in the film increases or is expected to increase,

whereas for thinner films (10 nm), the transition always

moved towards lower temperatures as reported in Refs. 6

and 21, and shown in Fig. 1. This suggests that the effect of

the stress on the AF-FM transition could be different for

thicker and thinner films. Because films typically relax stress

by nucleating defects, a higher stress in thinner films will

generally lead to more defects, which would stabilize the FM

state at lower temperatures and thus lower the AF-FM transi-

tion temperature. A similar defect effect was reported by

irradiation experiments using electron and heavy ions.22,23

While electron irradiation decreases the transition tempera-

ture by 3–18 K without changing the B2 crystalline structure,

FIG. 8. M-T curves for 10 nm thick FeRh films deposited on MgO and Si/SiO

substrates. The inset shows the enlarged M-T curves at low temperatures.
FIG. 9. XRD FeRh (001) peaks for samples deposited on Si/SiO wafer and

MgO substrate.
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the ion irradiation induces the FM stabilization (no AF-FM

transition was observed down to 5 K).

CONCLUSION

In summary, systematic studies of ultrathin FeRh films

were carried out to achieve good performance of magnetic

transition properties. The sharp magnetic transitions and

small residual magnetizations were achieved by optimizing

the composition and depositing the films at an extremely low

pressure. It is demonstrated that the residual magnetization

of the ultrathin FeRh film are not only sensitive to the com-

position and its distribution, the crystalline ordering and

granular structure, but also to the applied field and the inter-

action with the capping layer. Using Ru as the capping layer,

residual magnetizations as small as 13.5 emu/cc and 6 emu/

cc at 100 K were observed for 10 nm thick films deposited on

oxidized Si wafer and MgO(001) substrate, respectively.

These results suggest that the FeRh films could be promising

for practical applications in recording media and MRAM.
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