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Alloy films of Cog ;dMNng 30 Were grown on GaA$001) substrates by molecular beam epitaxy at
room temperature. The metastable tetragonally distorted single crystal structure was confirmed by
reflection high energy electron diffraction and x-ray diffraction measurement, which exhibited a
2.87 A in-plane lattice parameter. Ferromagnetic resonance measurements and theoretical fitting
were performed and showed that, with a Mn capping layer, a uni-directional anisotropy existed. In
addition, a fourfold tetragonal magnetocrystalline anisotropy as well as a uniaxial term in the film
plane was also confirmed. The hysteresis loops recorded by longitudinal magneto-optical
Kerr-effect also demonstrated the existence of different kinds of in-plane magnetic anisotropy. The
origins of the anisotropy are explained tentatively. 1®97 American Institute of Physics.
[S0021-897€07)03204-0

Molecular beam epitaxyMBE) has been shown to be was analyzed once by XPS and confirmed the approximate
suitable for growing single crystal films of transition metal coincidence with the nominal compositidbut the data of
on semiconductor substratk$.Various metastable phases the resonance fields of two samples in Fig. 2 implies that
have been grown and stabilized at room temperature onomposition deviations may exjstThe substrate tempera-
lattice-matched substrates. For example, metastable bodyure was maintained at300 K during deposition.
centered-cubidbcc Co and body-centered-tetragor(aict) Upon deposition, the RHEED pattern of Gd881)
Mn films were grown on the GaAB01) surfacé and on the faded. Continuing the film growth up to about 5 A yielded a
Pd001) surface’ respectively. However, the epitaxy of alloy new pattern shown in Fig.(& with the incidence electron
films has seldom been reported. As a continuation of théeam alondg110] direction(the crystal azimuth in this article
previous work of epitaxial growth of face-centered-cubicrefers to the GaAs crystalline axis unless special description
(fcc) Mn films on GaA$001) surface€, we prepared single is made. This RHEED pattern did not change during growth
crystal C@ 7gMng 30 alloy films on GaA§001) substrates at up to 150 A. A Cu layer was utilized to prevent oxidation.
room temperature and studied their structure and magnetithe rectangular distribution of the streaks corresponds to the
characteristics. To our knowledge, this study is the first ongrojection of the three-dimensional reciprocal lattice along
to involve epitaxial growth on this particular alloy. the[110] direction. When the sample was rotated 90° around

The sample fabrication was carried out in a MBE systemthe normal direction, so that the electron beam was along the
connected with a VG-ESCALAB electron spectromét®e-  [110] direction, the resulting RHEED pattern was exactly
flection high energy electron diffractiofRHEED) is  the same as that obtained from tfL0] direction, which
equipped to monitor the growih situ. After sputtering with  jndicates that the in-plane lattice net is square. Fit) dlis-
Ar ions at 800 eV for 55 min, the Gaf@01) substrate was plays the RHEED pattern for the sample rotating 45° with
then annealed at 500 °C in ultrahigh vacuum for 25 minuteghe e-beam alon010] direction. By comparing with the
until a streaklike RHEED pattern was observed, implying aRHEED data of the clean Gafd0)), the lattice constara
“good” flat surface. The pressure during evaporation wasof the surface net was estimated to be 2.87 A. It is difficult to
below 1X 10" Pa. The absence of contamination of oxygendetermine the out-of-plane lattice spacing from the observed
and carbon was indicated by Auger electron spectroSCOPRHEED pattern alone because RHEED is generally not sen-
(AES) and x-ray photoelectron spectroscdp{PS) analyses.  sitive to the vertical lattice spacing; therefore, we performed
Finally, the C@ 7dVng 3 alloy film was deposited by direct y_ray diffraction on the same sampex situ It is found
co-evaporation of Co and Mn on the GdB81) surface at tyat in the obtained XRD spectruninot shown herg
the appropriate deposition rates measured by a quartz-crystgle huge peak around 66° and a peak at 58.9° are diffractions
thickness monitor. The composition of the Co—Mn alloy film ¢ ihe GaA$004), respectively. At about 74.2°, correspond-
ing to the lattice spacing of 2.56 A, a peak appears which is
dElectronic mail: hrzhai@nju.edu.cn the only diffraction peak from the GogVng s thin film,
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e FIG. 2. In-plane angular dependence of the FMR fi¢|g, for Co—Mn alloy
100 A C00_70 Mn0_30 / GaAs (001) films with different overlayers. The open circles are the experimental data
and the solid line represents a theoretical fit using the parameters listed in
Table | for (a) Cu(20 A)/Co—Mn(65 A) and (b) Mn(30 A)/Co—Mn50 A).

FIG. 1. RHEED patterns for a 100 A Co—Mn film epitaxially grown on the
GaAg00)) surface with(a) e-bearti [110] and (b) [010], respectively.

Kp. 6, ¢, and 6y stand, respectively, for the angles of the
magnetization vector in spherical coordinates and the azi-
fhuthal angle of the magnetic field in the film plane. The
three edges of tetragonal crystal structure are taken as the

h bot alent f tered-tet : reference axes of the coordinates. Note that the easy axes of
rather a het or an equivalent face-centered-tetragdey the fourfold, uniaxial, and uni-directional anisotropy are all

structure. Considering its fcc structure for bulk phasethis along the[ 100],_y, direction which is also thé110] axis

article we assume the Co—Mn film to .be a rotat_ed fet SUUCHt GaAs. The general condition for ferromagnetic reson@nce
ture which showg001) plane that rotating 45° with respect

ields the followi tion:
to the plane of the substrate, $410]gaadll 100lco_mn, yields the foflowing resonance equation
[110/caad [010]conn- (wly)?=[H cod ¢y— p)+(47M—2H) +4(H,

The magnetic properties of Co—Mn alloy films were , 2
. . +H, cos +2H, cos“¢—Hp co
studied at room temperature by means of ferromagnetic reso- 2 4) Y ¢~ Hpo cosp]

however, the corresponding value does not accord with a fc
or a bcc structure. Then it is realized that the Co-Mn films,
were neither rotated fcc nor unrotated bcc struct@rbat

nance(FMR) and longitudinal magnetic optical Kerr effect X[H coq ¢y— ¢)+2H, cos 2p
(LMOKE) ex situ The FMR experiments were performed at )
the X band of 9.78 GHz with the external magnetic field —16H; cos 4—Hp cos¢)], 2

rotated in the film plane, starting from th&00]c,_mn direc-  in which we defineH;=K;/M. By assuming the gyromag-
tion. The angular dependences of the ferromagnetic resgretic ratio y to be the value of bulk Co, the best fitting
nance field K, for Co—Mn films with different overlayers shown in Figs. 2a) and 2b) was achieved by taking the
of Mn and Cu are displayed in Fig. 2. In the case of a 20parameters listed in Table I. It is found th&} is comparable
A Cu capping layer, it can be speculated from Fig@)2hat o K, and K, (if not zero, which could also be deduced
a fourfold anisotropy exists which corresponds to the tetragfrom the relative values oM, in Fig. 2. It is noted that
onal magnetocrystalline anisotropy in t@01) plane, be- K (—-5x10* erg/cn?) for Co—Mn film with Mn overlayer
sides a contribution of a uniaxial term with the easy axisis smaller than the corresponding value af=H M
along[ 100] co_wn direction. For the film with 30 A Mn over- = 16x 10%erg/cn? in Ref. 7 where stronger exchange cou-
layer, it is seen from Fig. ®) thatH{0°) is not equal to  pling existed.

Hre§180°) This means that an additional uni-directional an- The easy axis of the uniaxial anisotrop}(I kKerm was
isotropy fieldHp is present, causinf100]co-un to be the  found along[110]gaas in all the samples we made, which
easiest direction. FO||0Wing the above idea, a theoretical ﬁt‘gives us an |ns|ght into its Origin_ Considering the fact that
ting of FMR field was made by using the following expres- there is a slight miscut of about 2° fro(@01) to (110) plane,

sion of total free energy density: which leads to steps alorfd.10]gaas direction, the uniaxial
E=—HM sin 6 cog ¢y — ¢) + K, sir? 8+K, sirt 6 term may result from step-indl_Jced anisotropy as proposed in
Ref. 8. In a Co/Mn/Co sandwich system it was found that a
+K} sin* 9 cos 4p—K,, sir? 6 cos ¢ stronger induced uniaxial anisotropy also resulted from the

substrate stepSAs for the uni-directional anisotropy K, it
could be considered to originate from an exchange interac-
which includes the contributions from the Zeeman energytion between the ferromagnetic Co—Mn alloy and the Mn
the tetragonal magnetocrystalline anisotropy termsverlayer. In the early 1960’s, Kouvel discovered the exist-
(K1,K3,K3), the in-plane uniaxial anisotrop¥(, term), the  ence of exchange anisotropy in Co—Mn disordered alloys of
demagnetizing energy, and a uni-directional anisotropy ternabout 25, 30, and 35 at. % Mn, and explained it with a sta-

+27M? cog 6+Kp sin 6 cosp )
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TABLE |. Anisotropy constants deduced from the FMR data of Co—Mn
film with different coverages X 10%erg/cnt).

Sample K, K, K3 Ky Kp
Mn(30 A)/Co—-Mn(50 A) 8.0 40 -11 7.5 -5.0
Cu(20 A)/Co—Mn(65 A) 3.4 23 -04 2.45 0

tistical composition fluctuation mod&.However, in this ex- o)
periment the absence ofpKwhen the Mn overlayer was M o
replaced by Cu indicates that it could not be due to the in- > l(c). W fd)|
homogeneity of the Co—Mn film. Recently, it was discovered 100 0 100 -100 O 100
by Henry and Ounadjetathat in Co/Mn multilayers the ex-
change interaction existed at the Co/Mn interfaces, which H (Gauss)
supports our experimental results.
The experimental LMOKE setup we used to record theFIG. 3. Hysteresis loops for samples of 180 A)/Co—Mn(100 A) measured
magnetic hysteresis loops of the Mn/Co—Mn system is Simiby LMOKE with the applied field in-plane along differert from [110]
lar to that described by Quét al'? By rotating the sample direction: (@ 0° (b) 90°, (c) 135°, (d) 180°, respectively.
around the normal direction of the film plane, the hysteresis
loops with the magnetic field along different directions in the
film plane were recorded. prepared on GaA601) surface via MBE. FMR studies show
Figures 3a)—3(d) display typical hysteresis loops of the that with the Mn capping layer, a uni-directional anisotropy
sample Mii30 A)/Co—-Mn(100 A) with varying angle¢ be- appears besides the fourfold magnetocrystalline anisotropy
tween the[ 100]¢,- s direction and the incidence plane of and a uniaxial term in the film plane. It is proposed that this
light. Fig. 3@), 3(b), 3(c), and 3d) are the Kerr loops with  results from the exchange interaction between the Co—Mn
¢$=0°, 90°, 135°, and 180°, which correspond to the fouralloy and the Mn overlayer. The anisotropy of the hysteresis
directions marked by A, B, C, and D in Fig(l8. It is found  loops recorded by the LMOKE measurement can be under-
that the rectangular loop in Figs(e3 and 3d) is character- stood qualitatively as a result of the interplay of three
istic of the two easy magnetization directions of anisotropies.
[100]co_mn @Nd[110]co_mn, in Which the former is the easi- This work is supported by NNSFC, National Key Labo-
est due to the positive uni-directional anisotropy field, causratory of Applied Surface Physics of Fudan University and
ing the shift of the loop to negative side whilédBis shifted  National Laboratory of Magnetism, Academy of Sciences of
to positive side. A complicated hysteresis loop composed oChina.
two steps in Fig. @) appears in th¢ 010]c,_yn, direction Note added in proof Recently, we found that the
along which the total anisotropy energy is at a minimumCo—Mn film is conclusively bct, which changes the values of
with higher energy at position B in Fig(l®. To change the anisotropy constants and the easy directions with no influ-
direction of magnetization by 180°, corresponding to the oneence on the whole physics.
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