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Magnetic ordering and anisotropy of epitaxially grown Feg,Cu,_, alloy on GaAg001)
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Single crystalline Fg&u,_, alloys over the entire composition range have been prepared successfully on
GaAg001) via molecular beam epitaxy. The films are body centered c(liKc) at high Fe concentration
(x>0.75), body centered tetragondict) or face centered cubidcc) at the lower Fe concentration depending
on the film thickness. Long-range ferromagnetic order is observed whdeh33 where the thickness is 6 nm,
and the effective magnetic moment per Fe atom decreases as the Fe concentration increases. Fe-Cu alloy films
with four-fold magnetocrystalline anisotropy were obtained.
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The alloying effect on the structure and magnetism ofnoticeable changes in the magnetic moment over the entire
transition metals has long been an interesting topic. In parcomposition rangé Theoretically, on the other hand, Serena
ticular, much attention has been paid to theGig_, alloy’™* et al. showed with the first principles calculation that the
because of the tremendous interest in the magnetism of facesagnetic moment per Fe atom was almost independent of
centered-cubigfcc) Fe? for it can only be prepared via pre- Fe-richness for a wide range of Fe contéxt-0.5) in both
cipitation in a Cu matrix or epitaxially grown on a Cu sub- pcc and fcc phases, then decreased and reached to zero for
strate. On the other hand, because of the extreme low bulk<0.2516 However, Wanget al. reported, after taking into
miscibility of either Cu in Fe or Fe in Cu, only-4% Fe  account the magneto-volume effect, that the magnetic mo-
dissolves into Cywith fcc structurg and~10% Cu into Fe  ment per Fe atom in the bce phase increased fromug. b
(with bce structurg near their respective liquid pointsa 2.62 ug as the Fe concentrationdecreased from 1 to 015

long-standing challenge has been the goal of producing s ths interesting to see what would happen once better
metastable solid solutions with higher concentrations by dif-

f " h h id hi g defined single crystalline F€u;_, films are obtained. In ad-
erent approaches, such as rapid quenching, vapor depOosfiion another issue which is important but has never been
tion, ion beam mixing, or mechanical alloyirig:

With regard to the structure, it is known that Bey_, addressed is whether the magnetocrystalline anisotropy ex-

alloy can be obtained by(i) the rapid quenching method ists in th_e single crystalline, but chemically disordered,
with fcc structure ax<<0.20, bcc structure at>0.85, and FeXCul_X. films. . .
mixed fcc and bee phase at 0.:2&< 0.8512 (i) the vapor In this work, we dem_onstrate that .smgle crystalline
deposition method with fcc structure && 0.40, bee struc-  F&CUu alloy over the entire range can indeed be grown
ture at x>0.60, and mixed fcc and bcc phase at€Pitaxially on a GaAg01) substrate. The structure of
0.40<x<0.607 or with fcc atx<0.60, bcc a>0.75, and  F&Cui is shown to be a function of film thickness as well
mixed fcc and bee at 0.60x<0.758 (iii ) the mechanical as Fe composition. It is found that the magnetic moment per
alloying method with fcc structure at<<0.60, bcc structure  Fe atom in the films becomes larger as the Fe concentration
atx>0.70, and mixed fcc and bcc phase at 6:80<0.701°  decreases from 1 to 0.5. A fourfold magnetocrystalline aniso-
or with fcc atx<0.60, bcc atx>0.80, and mixed fcc and tropy is observed in the K€u,_, alloys atx=0.5, together
bce at 0.66<x<0.80 However, all the samples prepared With a uniaxial magnetic anisotropy, which is generally be-
in these works are polycrystalline. The only exception re-ieved to be caused by the Ga@81) substrate.
ported so far is a monolayer stacked Fe/Cu superlattice fab- The detailed description about the experimental setup and
ricated on a C(L0O) substrate by laser pulsed deposition, yetprocedure can be found in our previous wotks? so it will
corresponding to only one particular compositionxa0.5, ~ not be repeated here. 99.99% pure Fe and Cu metal pieces
Fe, sCly 51° A natural though quite ambitious question to bewere used as the evaporating sources. Thg€ e, films
asked is whether there is a way to get the single crystallingvere prepared by co-evaporation on the G&R4) substrate
FeCu,_, alloy over the entire composition range. at room temperature. The deposition rate of Fe and Cu were
On the magnetism, it is clear that the magnetic ordering ofalibrated separately by a quartz microbalance, and the over-
FeCu,_, alloy changes from nonmagnetic to ferromagneticall co-evaporating rate was controlled at about 0.2 nm/min.
states as the Fe contentncreases. However, how the mag- It is well known that Fe can be epitaxially grown on
netic moment of Fe changes as a function of the composiGaAg001) with the bcc structuré® Here we give in Fig.
tions is rather controversial. Experimentally, Uenighial.  1(a) a typical reflection high energy electron diffraction
showed that the Fe moment remair®.2ug/atom over a (RHEED) pattern for the bcc-Fe, with the electron incidence
wide composition range at>0.50, then quickly falls to zero along the[110] direction of GaA§001). A detailed descrip-
asx decrease$’ but Chienet al. reported that there were no tion of how to distinguish the fcc, bet, and bec structures
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FIG. 2. Thea*/b* aspect ratio from RHEED pattern changes as
a function of the film thickness for F€u,_, at differentx.

so the structure of E€u,_, at anyx should be determined by
the competition between these two factors.

The samples prepared in ultra high vacuuam were covered
3 by 2 nm gold before being taken out for the magnetic mea-
(e) (f) (9) (h) surements. Using the surface magneto-optical Kerr effect
(SMOKE) technigue measured for 6-nm-thick films at room

FIG. 1. RHEED patterns fofa) Fe film, ()<d) Cu film, and  temperature, we find that an Fe-rich ,Ee,_, alloy
(©)~() Fey2:Cly 75 film on GaAg£001). (x>0.39 is ferromagnetic while an Fe-poor f&y,_, alloy

(x<<0.30 is nonmagnetic, and the transition happens around

from a RHEED pattern can be found elsewh®ré.can be  x=0.33. This result is quite different from that found previ-
seen that the aspect ratio @f/b" in the reciprocal space is ously in comparable polycrystalline samples, where the tran-
close to 1.4, as it should be expected. On the other handjtion was seen arournx=0.51° This is presumably caused
since the lattice mismatch between bcc-Cu and GB&B by the different structures realized in the experiments, yet a
(1.299 is significantly smaller than that between fcc-Cu andclear explanation still needs to be worked out.
GaA<q001) (9.7%), an epitaxial growth of bcc-like Cu on As mentioned previously, the film structure of ,Bey_,
GaAg001) would presumably be realized in experiment. In alloy on GaA$001) depends on the film thickness, so it is
fact, we have realized it on a Ga@®1) substrate for the important to check the effect of thickness on the magnetiza-
first several layers, as shown in Fighl As the film thick- tion. Figure 3a) gives the result for F€u,_, alloy at x
ness increases, it is found that the diffraction pattern be=0.5, measured in a wedged sample at room temperature. It
comes more and more square-like, i.e., the aspect ratio ¢ seen that there is no noticeable change of effective mag-
a'/b" gradually decreases and finally reaches to 1, as shownetic moment per Fe atom at room temperature, otherwise
in Figs. Xc) and Xd). This result indicates that Cu on the Kerr intensity versus thickness would not be such a nice
GaAg00]) is in an almost bcc like structure at the begin- straight line. On the other hand, the finite size effect on the
ning, then in body-centered-tetragoatt), and finally inits ~ Curie temperature does exist in the ultrathin regime below
thermodynamically stable fcc structure. Based on the forego2.0 nm2! where the deviation from the straight line is clearly
ing results at the two extremes x£1( Fe) andx=0(Cu), it  seen. Since SMOKE does not provide quantitative informa-
seems very promising to obtain the single crystalline epitaxtion about magnetization, a superconductor quantum interfer-

ial films of FgCu,_, over the entire composition range

0<x<1. m— ey 1
For the growth of FgCu,_, on GaA$001) with any par- . ! 1 I —=— experiment =

. .. . 1 Fo 43.0
ticular x value, similar to the case of Cu on G4@861), it is =R g’
noted that the structure varies with the film thickness. As a 27w 1 '\ s ®
representative example, we show in Fig®)31(h) the struc- é L 110 }\ g
tural evolution as a function of film thickness for the growth ul L \?_2_0 b=
of Fey,=Cuy 75 It has a bcc structure at the initial stage of et 7 £
growth, then changes to a b@loser to bcg structure, then | / 1 115 %
to a bct but closer to fcc structure, and finally to a fcc struc- /j (a) (b) w

- s 1.0

ture. For a summary of the growth of J&,_, on
GaAd001) at differentx values we show in Fig. 2 the struc-
ture (a*/ b*) versus film thickness at different Fe composi-
tion x. It is seen that at the same thickness of 6 nm, the FG. 3. (a) The Kerr intensity at saturation is plotted as a func-
(a*/b*) ratio is 1.4(bco at x=1,1.3 atx=0.75,1.25 alX  tjon of film thickness for FgClps The inset gives a typical
=0.5,1.2 atx=0.25, and finally 1.Qfcc) at x=0(Cu). This ~ MOKE hysteresis loap, from which the Kerr intensity at saturation
tendency is actually quite consistent with the fact that bcc igs  obtained; (d) the effective magnetic moment per Fe
the stable phase for Fe, while fcc is the stable phase for Cwoncentration.
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4nmFe/GaAs(001) | | 8nmFe, Cu, . /GaAs(001} 40 the fourfold anisotropy energy is the volume of the mag-

1 netic film. According to Mattheigt al,?® a Stoner-Wohlfarth
like magnetization reversal process can be realized at suffi-
cient large magnetic field. Neglecting any hysteresis one can
expect that the magnetization takes the equilibrium aidgle
which can be obtained by differentiating Hd):

HM; sin(a — 6) =Ky sin 26— (K,/2)sin 46. (2

Keeping in mind that the term

ol @ L[a(6)] = HVM, sin(a - 6)
0 60 120 1800 60 120 180
0 (degree) 0 (degree) is a torque, which is usually determined by torquemétry,
one is able to determine in experiment a related value
FIG. 4. The torque momenit() as a function ofg, (@ H  {l[a(0)]=L[a(6)]/VMg from ROTMOKE by simultaneous
=800 Oe, 4 nm Fefb) H=200 Oe, 8 nm RgsCly 50 A schematic  determination of the two angles and 6. Then by plotting
picture of the applied fieltH and the magnetizatioM is shown in  1(6) as a function ofg, one can estimate experimentally the
the inset. anisotropy of the system under consideration. Furthermore,
after fitting thel(6) curve with the following[from Eq.(2)]:
ence devicdSQUID) measurement is carried out at 5 K to
determine the effective magnetic moment per Fe atom for 1(6) =H sin(a:= 6) = (1/2)Hy sin 26~ (1/4)Hy, sin 4,
6-nm-thick FeCu, _, films, assuming that the contribution of (3)
Cu to the total magnetization can be neglected. The results
are summarized in Fig.(B). It is seen that the effective one can finally obtain the anisotropic fieldg, = 2K,/ M, and
magnetic moment per Fe atom decreases when ff@uEg  H,,=2K,/ M,
alloy becomes more and more Fe-rich, a result consistent By fitting the curve using Eq:3) (solid line), the uniaxial
with that predicted earlier by Wanet al.'” which is also  and fourfold anisotropic fields have been determined to be
shown in the figure. It should be mentioned that the tOtalHk1:62 Oe, H,,=604 Oe, respective|y' for 4 nm pure
magnetization is too small to be detected in the SQUID meare/GaA$001). Figure 4a) shows the measured torque mo-
surement for the RdCloe; film when the thickness is  menti(6) (by dotg as a function of angle, at H=800 Oe,

6 nm, therefore the moment per Fe atom is not shown.  or pure Fe on the Ga&801) sample. On the one hand, a
The success in producing single crystalling@, alloy eriodicity of 90° in the oscillation curve is clearly seen,
on GaAs001) makes the magnetic anisotropy measuremenyhich indicates that a fourfold magnetic anisotropy does ex-

possible. Although Fe on Ga#@01) exhibits a well-defined st on the other hand, it is noted that the valued(60°)
fourfold in-plane magnetic anisotropy, together with asnqi(150°) are not the same, indicating that a uniaxial mag-
uniaxial anisotropy believed to be induced by the substfate, netic anisotropy also exists.
it is not trivial to consider whether similar magnetic aniso-  an Fe -rich FeCu,_, alloy can be regarded as putting Cu
tropy would also exist in F€u;, on GaA$001). To address  graqually into the Fe matrix; it is reasonable to assume the
this problem, longitudinal MOKE in combination with & ro- foyrfold magnetic anisotropy, if existing, still remains on the
tating magnetic field, called the ROTMOKE methidis  same easy axis as that of Fe, thus we start with the same total
used here to determine the magnetic anisotropy of th%nergy density[Eq. (2)] to describe Fe&u,_,. Figure 4b)
FQ(_Cul_X fiIrZT;s. We will follow the treatment given by Mat- gives the torque momeritd) as a function of angle, at
thgls et al,=® except that we ha\_/e to consider not only the 4 -ogg Oe, for FgsCly 500N GaAg001). At first glance it
uniaxial but also the fourfold anisotropy. seems like a typical uniaxial magnetic anisotropy, because of
Based on the fact that Fe grown on G&Gl has a 5 180° periodicity in the oscillation. However, once the
fourfold anisotropy with the easy axis along #¥00 direc-  gatq are really fitted with the uniaxial anisotropy alone, i.e.,
tion and a uniaxial anisotropy with the easy axis along theynly the first term in Eq(3), it is realized immediately that
[110] direction?* the total energy density of the system is the fitting is rather poor, as shown by the dashed line in the
figure. Interestingly, the situation is significantly improved
E/V=-MH coda - 6) +K;sir? 6 when the data are fitted with both uniaxial and fourfold
+ K, SIMP(0+ 45 °)cog(0+ 45 °). (1) an!so.tropies, as shown hy the sollid Iine. in_the figure. The
uniaxial and fourfold magnetic anisotropic fields are deter-
Here, the first term represents the Zeeman energy under tieined to be H, ;=69 Oe, H,=47 Oe for 8 nm
applied magnetic fieltH, M, is the saturation magnetization, F& sdClyso/ GaAg001). It is important to note that the sign
« is the angle between the easiest axig and the applied of Hy, is positive rather than negative, indicating the same
magnetic field[see the inset of Fig.(®)], ¢ is the angle fourfold magnetic anisotropy as that of Fe. Obviously the
between the easiest axis and the magnetization; the secofulirfold anisotropy of FgsCuyso/ GaAg001) becomes
term is the uniaxial anisotropy energy, and the third term ismuch weaker compared to that of pure Fe. However, if the
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content of Fe in the alloy increases, a lardsgs would be In conclusion, it is shown that single crystalline,Ee; _,

expected. This turns out to be true, sindg,=172 Oe is alloy over the entire composition range can be obtained on

found for 8 nm Fg,LCu, ,5/ GaAg001). GaAq00)). It shows ferromagnetism as=0.33 when film
Based on these results we declare for thaCle., alloys thickness is 6 nm and the magnetic moment per Fe atom

retain a fourfold magnetoanisotropy on G#8@1) although increases as the Fe concentration decreases. A fourfold mag-
it is chemically disordered, which might indicate that the netocrystalline anisotropy is also realized in the(ig

magnetocrystalline anisotropy in J&&y_, is dominated by alloys.

the local spin-orbit coupling. On the other hand, the exis- This work was supported by the National Natural Science
tence of the fourfold magnetic anisotropy implies the highrFoundation of China, Ministry of Science and Technology of
quality of the single crystalline F€u,_, film prepared in this  China for “973” project, the Cheung Kong Scholars Pro-
work. gram, Shanghai Science and Technology Committee.
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