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We have studied the influence of the magnetic structure of the spacer layer on the interlayer exchange
coupling and on the correlation between the coupling and magnetoresistance in MnGa-based trilayers with
antiferromagnetic (MgAs), ferrimagnetic (MgSb), and semiconductin@saAs spacer layers. The samples
are grown epitaxially on GaAB01) substrates using molecular beam epitaxy. We can control both the period
of the magnetic long-range order in the spacer layers and the orientation of their easy axis with respect to the
MnGa easy axis. Magnetic measurements show thapé¢hied of the interlayer coupling isiot relatedto the
magnetic long-range order of the spacer layer. Jtengthof the couplingdoes dependn the orientation of
the easy axis of the spacer, with strong coupling when it is collinear with the easy axis of MnGa and weak
coupling when it is orthogonal. GaAs spacer layers grown using an optimized procedure to eliminate any Mn
contamination still show metalliclike behavior. This is attributed to a large defect density caused by the
low-temperature growth. The sign and magnitude of the magnetoresistance show a direct correlation with the
interlayer coupling. The proportionality constant is universal for all spacer layer materials under investigation.
This behavior is discussed in terms of two models based on quantum interference effects and on a frustration
magnetoresistance mechanism.
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[. INTRODUCTION nally) MnGa/GaAs/MnGa trilayers and found a strong inter-
layer coupling up to 0.35 mJ/mat room temperaturt.Even
more surprising was the clear correlation between the signs
Interlayer exchange couplingEC) and giant magnetore- of the magnetoresistance and interlayer coupling. Samples
sistance(GMR) in magnetic multilayers have been studied with ferromagnetiqF) and antiferromagnetioAF) interlayer
intensively during the last decadeMost of the work has coupling showed normal and inverse “GMR,”
been done on metallic, nonmagnetic spacer layers. In theespectively*> However, understanding of these phenomena
case of semiconducting spacer layers, the coupling strengtias hampered by a magnetic contamination of the spacer
was very weak0.005 mJ/m for amorphous Si spacer layers layers as the result of Mn diffusion at the elevated growth
in Fe/a-Si/Fe trilayers grown at 77 K.compared to values temperatur¢300 °Q), with Mn concentrations up to 50 at. %
up to 5 mJ/r for metallic spacer$, but it could be ther- and resulting in the formation of a mixed phase between
mally induced®*~® Many of the subsequent experiments atGaAs and MpAs with uncontrolled electronic and magnetic
room temperature suffered from the formation of variousproperties.
iron silicides due to the reactivity between iron and silicon, One obvious way to gain a better understanding is to re-
resulting in a poor understanding of the electronic propertiesluce the Mn contamination. The growth and structural prop-
of the spacer layers. Chaiken al.” suggested that the spacer erties of GaAs spacer layers without detectable Mn contami-
layers in antiferromagnetically coupled Fe/Si multilayersnation were reported earliét The magnetic properties of the
were crystalline and metallic, and that the coupling has thérilayers with improved GaAs spacers will be presented here.
same origin as in metal/metal multilayers. Recently, Endo The second approach, and the main subject of this paper,
et al®° showed the telltale positive temperature coefficientis to directly study the influence of the magnetic structure of
of coupling through a nonmetallic spacer and used a mixturéhe spacer layers. Indeed, the extensive treatment of the in-
of metallic and insulating phases to fit their results. terlayer exchange coupling in terms of quantum interferences
Motivated by the work on epitaxial TM-11I/IIl-V hetero- by Brund is valid only for nonmagnetic spacer layers. It
structures(TM =transition metal such as NiGa/GaAs and cannot be applied when long-range magnetic order is present
CoGa/GaAs? we have studied GaAs spacer layerg¢riomi-  in the spacer layer. Although one can expect quantum-size

A. Motivation
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effects to persist, they would be superimposed on the effects  ayn,as =0-380nm MnoAs

of direct coupling between the moments in the ferromagnetic ~ @mn,sp = 0-408 nm Motal

films and in the magnetic spacer, similar to the exchange Antiferromagnet
g b 9 < — f .:’...\. Mn-I erromes

biasing of a ferromagneéic film by an antiferromagnetic layer E E Tn=300°C
in spin valve structures: The relative orientation of both N 8
ferromagnetic(FM) films (i.e., the interlayer coupling be- - = ; S s Mn2Sb
tween thermwould then be determined by the relative orien- «— < § " e Fer'r"i'r‘i‘:;net
tation of the moments in the top and bottom planes of the £S5 ro=2s00
spacer. The spacer layer thickness dependence of the IEC™> —* ¢ © ° Mg= 286 KA/M
would mimic the internal magnetic structure of the spacer PoT (oMs = 0.36 T)
layer and would not be related to quantum interference ef- - x+2=0.385nm

fects. We present here an experimental investigation of the -— 5 MnGa
role of the internal magnetic period of the spacer layer and M f

the orientation of its quantization axis with respect to that of Ferxf;:;net

the ferromagnetic films using well-controlled antiferromag-
netic MmAs and ferrimagnetic MgBb spacer layers. M f
Third, a better understanding of the IEC is also important
for the interpretation of the magnetoresistive behavior of the
samples. Barnas and Bruynserdédeve predicted a corre-
lation between quantum-size effects in the giant magnetore-
sistance and interlayer coupling in magnetic multilayers
which is consistent with our experimental results. However,
this model cannot be applied if the coupling is from a differ-
ent origin (direct coupling similar to exchange bias effgcts
Alternatively, we have proposed a phenomenological frustra- O Ga
tion magnetoresistance model that explains the correlation in @ As or Sb
terms of a frustration of the magnetic moments of MnGa
near the interfaces with the spacer lafeit makes abstrac- agaps/ 2 =0.283nm ® & Mn
tion of the specific coupling mechanism and can be applied
to the case of direct Coup”ng as well. We will present mag- FIG. 1. Crystal structure and epltaXIaI relationship for the ma-
netoresistance data for semiconducting, antiferromagnetié‘?”a|5 used in this work. Bottom: GaAs, zinc-blende unit cell.

and ferrimagnetic spacer layers, and discuss their correlationenter: MnGa, tetragonal unit cell with CuAu type-I ordering or
with the IEC in terms of both models. ordered body-centered-tetragortatt) (solid lineg. The nonstand-

ard face-centered-tetragortt) unit cell which isv2 times larger

and rotated over 45° is shown as well using shaded circles and

dotted lines. Top: MpAs and MnSb crystallize in the

Cu,Sb-type tetragonal structure with two nonequivalent Mn sites,
The 6 phase of MnGa is one of several ferromagnetiCiapeled Mn-I and Mn-Il. The orientation of the present trilayers is

phases formed by Mn and G&.*°It has a tetragonal crystal GaA4001[100]IMnGa00D[100]IMn,As or Mn,Sb00D[110].

structure with CuAu type-l orderingFig. 1, center and

ShOWS Strong magnetocrysta”ine anisotropy W|th d’m)qs ments. The perpendicular magnetization- aISO a”OWS the use

as easy axis and an anisotropy fiepdoH,=2K, /M of transport mez_isuremen[$he (_extraordlna_ry Hall effect

~6.4T® where the saturation magnetizatiovi varies (EHB)] to.determme the magnetic hystereS|s. loops and thus

from 510 to 450 kA/m over the bulk stability range of 5659 the IEC simultaneously with the magnetoresista(M&).

at. % MnZ® The in-plane lattice parametag;,g,=0.272 nm MnAs (Refs. 22—24 and MnSb (Refs. 25-30 both

is only 4% smaller than half of the lattice parameter of GaAshave the CsSb-type tetragonal crystal structufég. 1, top.

(agand2=0.283nm), allowing the epitaxial growth of The basalplane lattice constamig, as andayn,spare larger

single-crystalline films on GaAB801) substrates using mo- thanay,gaby a factor very close t@2. In fact, when the unit

lecular beam epitax¢MBE).?° The ¢ axis grows perpendicu- cell is rotated by 45° around theaxis the crystal structure is

lar to the GaA#&01) surface, resulting in thin films with a identical to MnGa except for the insertion of an additional

perpendicular magnetization. The films show square hystellayer of atoms on the vertical faces of the cell. The lattice

esis loops, and we have demonstrated previously that it imismatch with the basal plane of MnGa 51.3% and

possible to modify the coercive field by controlling the com- +6.0% for Mn,As and MnSb, respectively. We have al-

position and the post-growth thermal treatment. ready shown the epitaxial compatibility in the growth of
The strong perpendicular anisotropy of MnGa thin films single-crystalline MpAs(001) films on MnGa and GaA%

has two important advantages. It limits the possible directioras well as MaSh(001) on GaAs*?

of the magnetization of each FM film to two distinct states From the magnetic point of view, MAs and MnSb have

(up and down along a single axiand results in hysteresis a layered structure with two nonequivalent Mn positions

loops with well-defined plateaus. The absence of noncol¢{Fig. 2). Planes of Mn-I atoms are sandwiched between com-

linear states greatly facilitates the analysis of the measureposite planes consisting of Mn-Il and Asr Sb to form

Tc=327...373°C
Ms = 540...450 kKA/m
(HoMs = 0.68...0.57 T)

CMnGa = 0-363..372 nm

GaAs

Semiconductor
Non-magnetic

B. Material system

184417-2



INTERLAYER COUPLING AND MAGNETORESISTANE . . . PHYSICAL REVIEW B 63 184417

Composition: Exchange inversion transition moments parallel to the axis and in the basal plane,
respectively’>~?® The temperature dependence of IEC
through MnSb spacers will clarify the role of the relative

@) Mnl orientation of the quantization axis of the spacer layer with
=S MnI A respect to that of the ferromagnetic films.
o  As Mn2Shb
O sb T>250K Il. EXPERIMENT
ferri The samples have been grown by MBE. The system con-
Mn2As Mn2Sb perpendic. sists of two growth chambers that are connected under ultra-

a=0.380 nm|a = 0.408 nm Cg=¢C
¢=0.627 nm{c=0.656 nm
Tn=300°C | Tc=280°C

high vacuum. The first chamber has standard evaporation
cells for Ga, As, and Si, and is used for the growth of GaAs
buffer layers. The second chamber is a modified Riber 32P
chamber equipped with solid-source effusion cells for Mn,
Ga, and Sb, and a valved cracking cell for As.

A linear shutter in front of the substrate allowed the
growth of wedge-shaped layers for a more precise study of
the spacer layer thickness dependence of the magnetic prop-
erties. The wedges are typically 36 mm long with a slope of
0.5-0.7 A/mm. The wedges were nominally stepped with a

MnzAs
T<Tn

ferri

Temperature: Spin reorientation transition

?“t'fem 5§ in-pl width of 2—4 mm/step. However, as a result of the large
in-plane P o plane . .
C..=2¢ b e cp=C separation between the linear shutter and substrate, the steps
AF™ ' were smoothed out and could not be resolved by the mea-
Y surements. All samples were covered by a 15-nm-thick GaAs
cap layer(polycrystalline or amorpholigo prevent oxida-
tion.
FIG. 2. Magnetic structures of bulk MAs and MnSb. Here Both growth chambers are equipped with a 25-keV reflec-

Mn,As is a layered antiferromagnet with magnetic period equal totion high-energy electron diffractiofRHEED) system. An

2Cynas- The moments are orthogonal to theaxis. MnSb is @  Auger electron spectroscofES) setup(Anelva AAS-200

layered ferrimagnet with magnetic period equatig, sp- The mo-  is mounted on one of the transfer modules for semsitu

ments undergo a spin reorientation transition from spins in the basglompositional analysis. X-ray diffractiofXRD) 6-26 spec-

plane forT<250K (bottom to spins parallel to the axis for T tra have been taken on a Rigaku RINT-1500 diffractometer.

>250K (top). The magnetic properties have mainly been studied using
magnetotransport measurements. Because of the perpendicu-

triple layers. The exchange interaction within these triplelar magnetization of MnGa, the magnetic field is applied
layers is strong with antiferromagnetic alignment betweerPerpendicular to the surface of the trilayers. In this configu-
Mn-I and Mn-Il planes® Because of the different moments ration the Hall effect can be measured simultaneously with
on Mn-I and Mn-Il, the triple layers carry a net magneticthe magnetoresistance. The extraordinary component of the
moment. The exchange interaction between the triple layer§iall voltage is proportional to the magnetization and allows
is much weaker and depends on the interatomic distance. the measurement of hysteresis loops. The offset field of the
In Mn,As the coupling between the triple layers is anti- minor hysteresis loops is a direct measure for the interlayer
H 1
ferromagnetic, resulting in a layered antiferromagnetic strucSOUP!Iing s.trengtH. _ _ S
ture with magnetic period equal to 2 times the structural We defined 10Qzm-wide Hall bars using o.ptlcal.hthog-
lattice constant =2 Cynas=1.254 nm as shown in Fig. 2 apPhy and wet chemical etching in agf0,:H,0,:H0
(left). The moments lie in ihe basal plaforthogonal to the 3:1:50 solution. The mask contained four staggered devices
easy axis of MnGa. Here MBb has a slightly larger lattice to cover the entire length of the wedge-shaped samples in

. S one processing run. Each device consisted of afMewide
constantyn,sp= 0.656 nm, causing ferromagnetic allgnmentHa” rfaar with 19|2 pairs of 12xm-wide contacts at 1-mm in-

of the triple layers and a layered ferrimagnetic structure withgryals. One sample (MBb) was measured in the van der
magnetic period equal to the structural periog=cun,so  Pauw  configuration ~ with  four-point  resistance
(Fig. 2, righy. By comparing MpAs and MSh spacers, we measurements on 4x4 mn? large squares. The measure-
can evaluate the influence of the internal magnetic period ofnents were performed in a closed-cycle cryostat in the tem-
the spacer layer on the interlayer exchange coupling. perature range 9—320 K and in applied fields upto 1.5 T. As
In addition, Mn,Sb shows a spin reorientation transition these fields are much smaller than the anisotropy field of
from moments along the axis aboveT~250 K to moments MnGa, uoH,=6.4T® the magnetization remains essen-
in the basal plane below this temperature, without affectingially parallel to the easy axis. Here 90° configurations are
the antiparallel alignment of the moments. This transition hasuled out, and magnetization reversal occurs through domain
been attributed to a different temperature dependence afall motion. In order to translate the coupling fields to the
competing anisotropies at the Mn-1 and Mn-II sites, favoringcoupling energies, we have measured the magnetization of a
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selected number of samples using a Princeton model 290(a) ¢

e
alternating gradient force magnetometaGFM). . _Qgggi‘g)
I 0.79 cells

-021- AP

T v
MnoAs
[ (300°C)
I 1.54 cells

IIl. GROWTH AND STRUCTURAL PROPERTIES

For the growth of MnGa, we followed the procedure de-
scribed by M. Tanakat al° After the growth of a 100-nm-
thick GaAs buffer, the substrate was cooled downTtg, ©
<20°C and an amorphous layer consisting of five alternat- _ 01
ing monolayers Mn-Ga-Mn-Ga-Mn was deposited on the 9:
GaAsc(4x4) reconstructed surface. The substrate tempera- &
ture was then increased to 150-180 °C, where the amor
phous layer transformed into a crystalline MnGa template
and, further, to 230°C. At this temperature the growth of (g)
MnGa is continued by coevaporation of Mn and Ga at arate 54
of 60 nm/h until the desired thickness was achieved.

MnGa thin films can be grown in a wide composition "z
range from 50 to 72 at. % Mn by controlling the flux ratio,
after calibration against AES and electron probe microanaly-
sis (EPMA) measurements. The coercivity depends on the
compositioR* and on the thermal treatméhiafter the film
has been completed. This property was used to obtain hys- _ )
teresis loops with two separate steps. The first MnGa film F!G. 3. Extraordinary Hall effectEHE) hysteresis loops af
(soft film) was grown with the composition resulting in the =9 K for trilayers with different spacer layersa), (b) Mn,As
lowest coercive field (MgGays) and was annealed at 300— grown at 300°C,(c), E,d) MnxAs grown at 250 °C, anqe),_ (f.)
350°C during 10 min to reduce the coercive field even.MnZSb grown at _170 C. The spacer layer thickness is indicated
further?>3 The second MnGa filn{hard film) was grown in number of unit cells (MpAs: 1 cel=0.627 nm; MpSh: 1

. . " cell=0.656 nm. The direction of the field sweep is indicated by
slightly off the ideal composition (MaGayg) and annealed arrows. The labels P and AP indicate regions where the magnetiza-

at 270-320°C during 5 min to create a square hysteresig,ns of poth MnGa films are oriented parallel and antiparallel to
loop, but maintaining a larger coercivity. each other, the labels F and AF indicate samples with ferromagnetic

RHEED and AES measurements have indicated some Agng antiferromagnetic coupling.e., samples where the preferred
absorption on the MnGa surface in an As-rich environmentgirection of the magnetizations is P or AP

creating a surface layer with MAs-like symmetry®® To
prevent its formation in trilayers with MSb or GaAs spacer and dropped below our detection linfit 4 at. % at a thick-
layers, we have preannealed the GaAs buffer layers at 430messtg,,=12ML (34 A). Here 1 ML is defined as one
470 °C during 10 min before the growth of the MnGa films. Ga+As layer, with a thickness 1 MEag,ad2=0.283nm
Mn,As or Mn,Sb spacer layers were grown using a fluX (see Fig. L This signal could be attributed to the buried
ratio Mn:As,(Sh) of 1:3. Growth was initiated by simply MnGa film, indicating that there was no Mn diffusion into
opening both shutters simultaneously at a substrate tempergre GaAs spacer layer. RHEED images showed some rough-
ture of Tg,,=250-300°C (MpAs) and 170°C(Mn,Sh.  ening of the surface, but the decay of the AES signal con-
The growth rate was 80 nm/h. The similarities between theirmed that the GaAs layers were continuous without any
crystal structures of MjAs (Mn,Sh) and MnGa result in  pinholes that could lead to direct magnetic coupling between
very good structural quality for the MAs and MnSb  both MnGa films. The RHEED images also confirmed the
spacer layers as is shown by RHEED and XRD measurezinc-blende crystal structure of the GaAs spacers. Although
ments.In situ AES measurements indicated that the inter-the |ow growth temperature and Aflux caused twinning
faces are abrupt without interdiffusidh. and a deterioration of the surface morphology for thick lay-
GaAs spacer layers have been grown according to thers, the quality in the 0—12 ML range remained sufficient for

procedure reported earlier, which includes coevaporation ofhre growth of single-crystalline MnGa films on top of the
Ga and As with a flux ratio of 1:2!* A reduced growth spacer.

temperature off ;=210 °C and an increased growth rate of
75 nm/h compared to 300°C and 12 nm/h in our initial
work'! were used to suppress the diffusion of Mn from the
first MnGa film into the GaAs spacer. This diffusion is  A. Interlayer coupling: Mn ,As and Mn,Sb spacer layers
driven by the strong affinity between Mn and As compared
to the Ga-As bond®~38In situ AES measurements of the Mn
peak as function of the GaAs spacer layer thickness showed The magnetic properties have been determined from ex-
a signal that decayed with a characteristic ler@t or 3.2  traordinary Hall effect hysteresis loops, according to the pro-
monolayergML ) for the sample presented hgtbat is simi-  cedure described in our earlier publicatidrFigure 3 shows

lar to the AES probing deptftypically 10-30 A (Ref. 39  typical hysteresis loops for three different spacer layers

(250°C)
[ 1.63 cells

Ry @)

0.2+

-0.31

f

_—
-

@
Ry @

1.9

R

40 00 10
oH. (T)

IV. MAGNETIC PROPERTIES

1. Definitions and analysis technique
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FIG. 4. Definition of the coupling fieldHs, the coercive field = . ee ~O0cocoTReeseest 3

. . P o -0.5F =
H,, of the minor loopg(i.e., the soft magnetic filjp and the appar- < o » 3
ent coercive fieldH?, of the hard magnetic film. TR I 3

M

b v v b by e b ey e T e foa
0.0 0.5 1.0 1.5 2.0 25 3.0

(Mn,As grown at 250 and 300 °C, and ). Figure 4 Spacer layer thickness (unit cells Mn2As)
shows the definitions of the coupling fiell, the coercive

field of the soft magnetic filmH.;, and the apparent coer-
cive field of the hard magnetic filnki},. Because of the

. C ! . with wedge-shaped M#s spacer layer grown at 300 °C. The mea-
different coercivity of both MnGa films, hysteresis Ioops_ surements are taken at 9 K. Solid and open circles differentiate the

with two steps are observed. By reversing the field sweep i, Hall bar devices that were used to cover the entire spacer layer

between both steps, minor loops can be traced where thgegge. (a) Interlayer coupling fieldH, and coupling strength.

magnetization of the softer film is cycled without affecting solid and thick dashed lines are best fits using one and two decay-

the magnetization of the hard film. Interlayer coupling causesng sine functions, respectively. Thin dashed and dotted lines are

a shift of the minor loops along the field axis depending onthe individual terms of the two-component fit, offset vertically for

the magnetization of the hard film, without affecting the clarity. (b) Magnetoresistanc\R/Rp ¢= (Rp— Rap)/Rp o, Where

width of the minor loops. Minor loops taken on the upperthe subscripts RAP) indicate parallelantiparalle) orientation of

and lower branches of the overall hysteresis loop, i.e., for théhe magnetization directions of both MnGa films.

two possible directions of the magnetization of the hard film,

are shifted over equal fields, but in opposite directions. Thesented by shaded circles in Figgapand 11a).

field Hg (Fig. 4) over which the loops are shifted is a direct  The dependence of the interlayer coupling strenbtn

measure for the interlayer coupling strength ugHMt;,  the spacer layer thickneskhas been fitted to exponentially

whereM; andt; are the saturation magnetization and layerdecaying since functions of the form

thickness of the soft magnetic filnM; has been measured

by AGFM on a selected number of pieces cut from each )

wedge. We obtained about 400 kA/m for all samples, which J(d):JOJr;l Jisin2m(d—d;)/PiJexp(—d/\p), (1)

is close to the bulk magnetization. We define the sigi f

and J such that positive values indicate ferromagnetic couwhere P; are the oscillation periodsy; the decay lengths,

pling, as is the case for the example shown in Fig. 4. Theand the number of ternf§=1 or 2. In the framework of the

shift of the minor loops allows us to measure both F and AFquantum interference model for nonmagnetic spacers by

coupling quantitatively. Bruno? this would indicate the contributions of one or two
This technique breaks down when the F coupling be<ritical (that is, stationary spanning vectors on the Fermi

comes so large that the two steps in the hysteresis loop ovesurface of the spacer layer. Since this model predicts a

lap and the hard film starts to reverse before the reversal af ~2-like envelope for metallic spacer layers, we have also

the soft film is complete. The curve in Fig(e} is on the attemptedd 2- and d~"-like decaying sines; however, we

edge of this breakdown. In this case we have tried to estimateonsistently found that an exponential decay gave the best

the coupling strength from the position of the second stepesults.

HZ, of the major hysteresis loop. As can be seen from Fig. 3,

this field is not constant for a given wedge-shaped sample. It 2. MnyAs and Mn,Sb spacer layers

is related to the actual coercive field., by HG=Heo The spacer layer thickness dependence of the IET at
—J/(uoMsty), where the index 2 refers to the second =9 K for two Mn,As spacer layers grown at different sub-
(=hard MnGa film. Since we do not have access to thestrate temperatures is shown in Figs. 5 and 6. The spacer
intrinsic value ofH.,, we cannot determing directly from  |ayer grown at the optimum growth temperatu@00 °Q

. However, as each wedge-shaped sample representkearly shows two oscillatory components in the thickness
only one growth runH.,, M,, andt, are constant over the dependence of the IEC, Fig(&d. The main component is a
entire sample. This allowed us to fitvs HY, in the range  short-period oscillation wittP,=5.5 A (0.88 structural unit
where both could be measured and extrapolate this relatiorsells of Mn,As) and a long decay length, =18 A. At small
ship to the regions wheré could not be measured directly. spacer layer thicknesses, it is superimposed on a quickly de-
Data points that have been obtained in this way are represaying component witP,=12.8 A and\,=2.3A. The pe-

FIG. 5. Spacer layer thickness dependence of the magnetic
properties of a{10 nm Mny,Gays/Mn,As/8 nm MnyGayg} trilayer

N
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00 08 10 15 (m 115 riods remain unchanged at=300K, but the decay length
0.2 @) MnoAs grown @ 250°C | T= 9 K ] 1.0 A1 is shorter(Table ). (The variations inP, and \, are
oA /2“1 ‘ —o05 ~ believed to be not significant:  because of the extremely fast
E T o E decay, small measurement errors have a large impact on
7 00 Kﬂf_‘m} 00 2 these values.
F0E LN R - - Jo5 = The MnAs spacer layer grown at 250 °@t the lower
20.2 gl S end of the growth window for MgAs) shows a stronger
E / ; N o . N~ 310 . . .
03F 7/ N 3 coupling, but with only one oscillatory component with
E T - 210.2,& (1.6 unit cell$ and decay Iength\'l:S.SA. (1.4
unit celly, as indicated by the thick solid line in Fig(a.
E DN, M54 3225 (1- 57 DO ] The temperature dependence of the coupling suggests the
1.5 (b) /AR L L L L presence of an additional ter(eee below;, hence, we have
e 10F \ E fitted to the sum of two decaying sines as wgick dashed
5 05F do‘,oo '\ E line). The results are summarized in Table I. The fit returns
o 0.0¢F * 'l...‘ p= 3 two components with nearly equal period listed in Table |
c -05F \ Jf ’doodp 3 and shown by the offset curves in Fig@s However, the
< o 3 overall accuracy of the fit does not improve except possibly
SRRt Rl at the thick end of the spacer lay@ unit cells of MAS),
(©) Hez ? o] and we cannot be sure that this result is significant. The
- 1.0 Opfcp ..Mgdﬁf B different thickness dependence of the spacer layer grown at
;o .\q i 250 °C is presumably due to a lower crystal quality. The film
£ 050 \ » H 7 is grown at the lower end of the growth window of bMs.
[ oese mooo‘f“mm &% Thick layers show increased surface roughness and small
0 )0 | T Y A RPN I SAEVS S IV shoulders on the main XRD peaks that may be the result of
00 05 1.0 '1'5 2.0 ) 25 30180 nonstoichiometric growtlie.g., As interstitials or antisite de-
Spacer layer thickness (unit cells MnaAs) fects. Since this may influence the electronic properties of

FIG. 6. (a), (b) Same as Fig. 5, for a MAs spacer layer grown the material, we will base our further analysis exclusively on

at 250 °C. Shaded circles ia) are values estimated froht’,, not 1€ MMAS spacer grown at 300°C. o
determined from the shift of the minor loops. The insetdnshows The results for a MgBb spacer layer with a similar crystal
the sample structure with the soft MGas (No. 1) and hard lattice but a different magnetic structure are shown in Fig. 7.

MneGay, films (No. 2) at the bottom and top, respectivelfc) For reasons we will discuss below, we have fitted only the
Coercive fieldH, of the minor loop(film No. 1) and positiorH?, measurements taken at room temperature. We obtain two
of the second step of the overall hysteresis Iéapparent coercive periods that are about 50% longer than their counterparts in
field of film No. 2). the highest-quality MgAs film grown at 300 °C. Their rela-
tive strength and decay periods are inverted, with the long-

TABLE I. Spacer layer materigwith growth temperatuse measurement temperature, peridjs and
decay lengtha,; of the thickness oscillations of the coupling, relative goodness Qﬁtﬁ and orientation
of the moments in the spacer layer for thE) nm Mn;,Gasg/spacer/8 nm MgGayo} trilayers under study.
Periods and decay lengths are given both in A and in the number of unit cells #s\§.27 A and Mn,Sb
(6.56 A) or in the number of monolayers of Ga42.83 A). The dominating contributions are indicated in
boldface. For MgSb no low-temperature values are listed since the effect of the spin reorientation transition
is superimposed on the normal thickness dependence. The relative goodness of fit shows the rajjd of the
values of the two-component fit to the single component fit.

Spacer layer Temperature P A\ P, Ny
(growth T) (K) [A (cell9] [A (cell9] [A (cells] [A (celly] x3/x2 Moments
Mn,As (300 °Q 9 55(0.89 17.7(2.82 12.8(2.09 2.3(0.37 0.20 Basal plane
300 55(0.89 11.0(1.76 11.0(1.76 3.2(0.51) Basal plane
Mn,As (250 °Q 9 10.2(1.63 8.8(1.40 0.91 Basal plane
One component 250 10@.65 12.2(1.95 Basal plane
Mn,As (250 °Q 9 10.3(1.65 30.1(4.80 11.8(1.889 8.03(1.28 0.91 Basal plane
Two components 250 11.@.79 o () 13.3(2.1) 18.9(3.0) Basal plane
Mn,Sb (170 °Q 9 - - - - 0.02  Reorients
300 8.2(1.29 7.7(1.18 17.6(2.69 14.4(2.19 c axis
GaAs (210 °Q 9 9.1(3.2) 4.7(1.69 58.2(20.9 2.9(1.02 0.74 -
300 74260 5.7(2.02 13.9(4.9) 4.7 (1.68 -
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FIG. 9. Temperature dependence of the coupling strength
through a MpAs spacer layer grown at 250 °C. The labels indicate
E . . ! . ‘ I . . 3 the spacer layer thickness in unit cells of s (=0.627 nn).
0 1 2 3

Spacer layer thickness (unit cells MnoSb) strong negative temperature coefficient for spacer layer

thicknesses below 1 structural unit cell and a much weaker

FIG. 7. Same as Fig. 5, for a MBb spacer layer grown at negative temperature dependence for larger thicknesses. For
170°C. The measurements were performed on van der Pauparticular cases where the two oscillatory components have
squares of 44 mn¥ at T=9 K and 300 K. Fitting is done to the opposite signs, we observe a sign reversal of the coupling.
data taken af =300 K. This suggests that both components have a different tem-

_ o i L o perature dependendthat is, a different critical temperature
period oscillation now making the dominating contribution. 4t \vnich the coupling vanishes

Comparing MpAs (Tg,p=300 °C) with MSb, itis clear Mn,Sb spacer layers thinner than approximately 2 unit
that the dependence of the interlayer coupling strength on the,|is show a behavior similar to MAs, with a negative
spacer layer thickness does not represent the bulk magnetigy nerature coefficient that is strongest at small spacer layer
structure of the spacer layers. The behavior of both mate”a%icknesse%ig. 10. However, for thicknesses exceeding 2
is similar, with the periods for MgBb shifted towards longer it cells (thick lines, the temperature dependence is more
wavelengths. In fact, the dominating component is 0pposite.,mpjicated. The interlayer coupling is quenched at low tem-
from what the long-range magnetic order of the spacer layer§e atyre, with a transition temperatufe,,, that increases
would suggest. MgAs with a large magnetic period of 2\t increasing spacer layer thickness fraf,,~180K at
structural unit cells shows a strong short-period componeny —233 unit cells toT-.~250K at d —13 unit
X\ 1~0.9 unit cells, whereas MBb with a magnetic period of _ ""2° max MnaSb
1 unit cell has a stronger long period componest 2.7 unit
cells.

The absence of a correlation with the magnetic period
the spacer layer and the similarity of the periods to thos
obtained for many nonmagnetic transition-metal spdcers

cells (see Fig. 10, insgt
This is the expected behavior if the MBb spacer layer
f,mdergoes the spin reorientation transition outlined in Fig. 2.
0 . )
éAbove the transition temperature the spins are parallel to the

suggests that the coupling is simply caused by quantum in- 011881 0 o0 T T
terference effects in the spacer layer as for nonmagnetic 2.00 8 3=3=8=8—‘“3\\‘¢,
§:40 0.0 [ 10000 —0=6—f—g=—g=—g—p-n o 100
spacers: _ ) Tl 3009 L(caxis) o..-® |
The temperature dependence of the interlayer coupling : g-gg e P A 1 -
strength through MyAs spacer layers grown at 300 and & -01p ™ W 105 (\lg
250°C is shown in Figs. 8 and 9. In both cases we find az” F 0.66 1 g
:?'0.2 - ] :;
Fo.20 P 0% i (Cungst)[Tmax (O 10
0.10 -0.3 - 2.33 180
i h 2.66 200 |
- P 0.38 5 300 | 250 H-15
':/005— PR Y T T S S HT  H  S I S  I A
° [ 0 100 200 300
:? r 0.46 T (K)
0.00 ——
E0:96 FIG. 10. Temperature dependence of the coupling strength
-0.05 L 0.7 through a MpSb spacer layer grown at 170 °C. The labels at the

left side indicate the spacer layer thickness in unit cells of3fn

(=0.656 nm. Thick lines show spacers with thickness larger than

2.33 unit cells where the coupling strength is quenched below a
FIG. 8. Temperature dependence of the coupling strengtleritical temperaturd .y, @ possible indication of the spin reorien-

through a MpAs spacer layer grown at 300 °C. The labels indicatetation transition. The inset lists the approximate valuerlgf, as

the spacer layer thickness in unit cells of Ms (= 0.627 nm). function of the spacer layer thickness.
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o
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o FIG. 12. Temperature dependence of the coupling strength
o through a GaAs spacer layer grown at 210 °C. The labels indicate
< the spacer layer thicknesses in monolayers of GdAsML
GaAs=0.283nm. The region—25mT< uoH<25mT is shown
expanded in the inset.
E : :
© component with even shorter decay length. The period
o P, is long and could not be determined exactly because of
the fast decay.
The temperature dependence as well is similar tgA4n

and Mn,Sh, with a negative temperature coefficient and sign
Spacer layer thickness (ML GaAs) reversals for certain spacer layer thicknesses, suggesting a

different critical temperature for the two components of the
FIG. 11. Same as Fig. 5, for a GaAs spacer layer grown atoupling.
210°C.

. . L B. Magnetoresistance
MnGa spins, and a strong interaction is expected. Below the

transition temperature the spins are orthogonal to MnGa and Fgure 13 shows typical magnetoresistance measurements

a suppression of the coupling strength can be expected. THar the three different metallic spacer layers discussed above.

fact that the spin reorientation transition is not observed fofr e curves have been normalized to the resistance at zero

spacer layer thicknesses less than 2 unit cells can be attrigjfg pkl)'gti f'&'g Gvgtr}]?r?sralzl\)lelfge?tatll_c') n O_f éh% mgr%r;et:f]igtt)ns
uted to induced perpendicular anisotropy caused by the ad ! PO~ PLHO M app™ '

. i . striking feature is the correlation of the sign of the magne-
Jtﬁzecn;XsnStaa?llrtl?ﬁg:gt)ljnrgsthe MBb moments parallel to toresistancAR=(Rp— Rpp) with the sign of the interlayer

. coupling, whereRp and Ryp are the resistances with the
In other words, afl =300 K the MnSb spins are parallel Ping F AP

. ; magnetizations of both MnGa films parallel and antiparallel
to thec axis (the bulk easy axis at that temperaiufer all 14 gach other, respectively. Samples with ferromagnetic in-

spacer layer thicknesses, while at low temper.atures the MQerlayer coupling[Figs. 13a), 13c), and 13e)] show the
ments are parallel to the axis for dyy, s,=<2 unit cells but  pighest resistance when both magnetizations are aligned an-
orthogonal toc for dMn25b>2 unit cells. As the relative ori- tiparallel to each otherR.p>Rp), as would be expected in

entation of the quantization axes changes as a function of tH&€ normal GMR case. Samples with antiferromagnetic cou-
spacer layer thickness, the thickness dependence of the intéfing [Figs. 13b) 13(d), and 13f)], however, show the op-

layer coupling at 9 K(Fig. 7) could not be fitted to Eq(1).  Posite behavior with a lower resistance when the magnetiza-
tions are aligned antiparalleRyp<Rp).

The correlation with the interlayer couplingis shown
more clearly in Figs. 5, 6, 7, and 10 where we compare the
The thickness and temperature dependence of the intethickness dependence AR/Rp gandJ. Here we have taken

layer coupling for a GaAs spacer layer without detectableAR as the constant resistance differenBg- Rpp) for those

Mn content(decay length for the Mn signal in AES measure- samples with an extended AP region such as Fig$a)13
ments 9 A or 3.2 ML) grown atTg,,=210°C is shown in  13(b), 13(d), 13(f) or the largest value of Rp— Rap) for
Figs. 11a) and 12. In spite of the suppressed Mn contami-samples where the AP region is very narrow, as in Figs.
nation, we still find an oscillatory thickness dependence withl3(c) and 13e). The results aff=9 K are summarized in

a period ofP;=9.1A. The coupling strength at low spacer Fig. 14a). The data points for all samples fall on one uni-
layer thicknesses is comparable to the & and MnSb  versal straight line through the origin, irrespective of the
cases but it decays much faster with increasing thicknesspacer layer material. The five outliers slightly above the
with A;=4.7A. Again, this is superimposed on a secondgeneral curve are all for very small spacer layer thicknesses

3. GaAs spacer layers
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° ° 1.63 cells FIG. 13. Magnetoresistance curves @&t
o r cE: —P/' P— =9 K (solid lineg and room temperatur@otted
a\: - curves for the same samples as shown in Fig. 3.
n? 1.00 o | 3 éﬁ Only the major hysteresis loops are shown. The
P™ & MngAs M'&%:..,,,‘" P arrows indicate the direction of the field sweep.
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where the variations oAR andJ vs the spacer layer thick- R,, betweenxy andxy. . If the variation ofR,, with x is
ness are largest and most nonlinear and where phase sh#pw, we can use a linear approximation
errors betweerd R andJ are most likely to occur, as will be
discussed below. Ro (XX ):f N (x)dx
Figure 14b) shows the relation betweeYR/Rp oandJ at RTINS
room temperature, together with the paths traced by a se-
lected number of devices at intermediate temperatures. Most
of the points stay close to the same center line, even for the
Mn,Sb spacer layer when it goes through the spin reorienta-
tion transition(dotted lines with arrows The increased scat- R
ter in the data points can partly be attributed to increased XX
uncertainty on théAR measurements due to a narrowing of _ _ _
the plateaus caused by the decreasing coercive fieldand ~ Showing that the measurér, is proportional toR,y at po-
H., at higher temperatures, and to the increased interferencdtion (Xy+Xn+1)/2. In Figs. 5, 6, and 10, we have plotted
of the “butterfly”-shaped features in the resistance aroundhe AR/Rp, values atx positions halfway between thé
magnetization reversét, leading to uncertainties up to Vvalues.In Fig. 14 we have comparad/Rp o with interpo-
0.1%-0.2% inAR/Rp o. Only the data points for the GaAs lated v_alue_s of the coupling, which are given in linear
spacer layer at very small thickness show a different beha\@Pproximation by
ior, with AR/Rp o remaining approximately 1% while the
couplingJ vanishes. R e Xt Xnea)  Ru(XEX) + Ry (X=Xy+ 1)
For the measurements taken in the Hall bar configuration H 2 2 '
(Figs. 5, 6, and 10 it has been necessary to correct for a (39
phase error between the measured valueARfand J, as
shown in Fig. 15. Because of the wedge shape of the spacer
layer, the Hall resistancBy(x) [] and the forward resis-
tivity R, (x) [2/cm] vary continuously as a function of the
position x along the Hall bar. Whereas th&, loops (and  Our data[Fig. 14@)] show that this procedure generally has
thus the coupling fieltHg and the coupling energy) are  yielded good results. Only in the regions with very fast varia-
measured locally at positionsy and Xy, this is not the tion of coupling strength andmagnetdresistance vs the
case for theR,, loops. Rather, the measurement returns aspacer layer thickness do some errors due to a phase shift
resistanceR,,(Xn,Xn+1) [2], which is the integration of become apparent. The above corrections were not applied to

X

XNt XN+1
%Rxx(xz 2) (XN+1—XN)

X

_XN+XN+1)

5 @

XN XN+

J(X=Xn) +I(X=Xn+1)
x=— ~

2

(3b)
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duces the thermally induced disorder in the magnetic mo-
ments and thereby reduces the scattering. Usually, this effect
vanishes at low temperatures when there is no thermally in-
duced disorder, leaving the positive magnetoresistance due

< 050 \; * to the Lorentz force which is also found in nonmagnetic
2 I }\ metals. The background magnetoresistance of the MnGa-
c 00: fm‘lg . based trilayers is nearly linear in applied fields up to 1.5 T,
T Ul 5 with sample-dependent slopes ranging froaf.1%/T to
o MnpAs (grown at 300°C) | | 2% qe = o —0.4%/T @ 9 K and from—0.6%/T to —1.7%/T at 300 K.
Rl IV ‘(g:gmﬁ?gg)) Q:?(\ ] Surprisingly, the background is still negative at 9 K. This is
L| s GaAs (grown at210°C) N an indication that there is additional, nonthermally induced,
M N AR A Lol
T T T

disorder in the alignment of the moments. One possible ori-
gin is the chemical disorder with antisite defects caused by
the nonstoichiometric composition and by the relatively low
growth temperaturé’ The chemical disorder also manifests

g 3 o itself in the alloy scattering, resulting in a residual resistivity
2 Tt at 9 K of about 40% of the room-temperature resistivity.
o« i <
= 00 N
T ot ) %, V. DISCUSSION
| © MngAs (grown at 300°C) AN
-0.5-+-MnpAs (grown at250°C) | ¢ ¥ #X A. Interlayer coupling and the magnetic structure of the
[ |-¥-MnoSb (grown at 170°C) RPN |
F|-2-GaAs (grown at 210°C) o VNN spacer layer
B I T B X I Atfirst glance it seems as if the thickness and temperature
3 (i) dependences of the interlayer coupling lead to opposite con-
md/m

clusions: on the one hand, we find that the thickness depen-
dence is not related to the magnetic structure of the spacer
layer, while the temperature dependence for,$msuggests

otherwise. However, the contradiction is only apparent, as

FIG. 14. Correlation between the magnetoresista€¥Rp o
=(Rp—Rap)/Rpp and the interlayer coupling strengtli for
{10 nm Mny,Gayg/spacer/8 nm MgGayg} trilayers with different
spacer layer materialéa) T=9 K, (b) T=300K, with traces from the two effects are related to different physical origins.

9 to 300 K for selected data points. Dotted lines with arrows rep- Bruno has given an extensive treatment of the interlayer

resent thick MaSb spacer layers that go through the spin reorien-coupling througlmonmagneticspacer layers, based on a de-

tation transition. scription in terms of quantum interferendelde showed that
the thickness dependence of the couplitig oscillation pe-

the Mn,Sb film which was measured in the Van der Pauw/10d) is determined by the complex Fermi surface of the

configuration on & 4 mn? large squares. spacer ]ayer, whlle.the magnitude anq phase qf .the coupling

The magnetoresistance looBg, vs applied fielduoH app are mainly determined by t.he reflection coefficients at the
(Fig. 13 show one additional feature, namely, a negative€romagnet—normal-metal interfaces and depend only to a
background which is typical for magnetic met#slt is lesser extent on the Fermi surface. Although the formalism

caused by forced magnetization when the external field re!S€d in this work is strictly speaking not valid for spacer
layers with long-range magnetic order, quantum-size effects

are expected to remain present, but superimposed on them
there may be the influence of the magnetic order of the
spacer layer. Since we did not observe any signature of the
(bulk) long-range order of the Mys and MnSb spacer lay-

ers, we will discuss our results in terms of the general con-
clusions of Bruno and show that they are in qualitative
agreement with them.

First, we look at the thickness dependence of the cou-
pling. Chonaret al** have compared the band structures of
various CySb-type compounds in the paramagnetic state.
They found four families with different topologies for the
Fermi surface. MpAs and MnSb belonged to the same fam-

x ily and have similar Fermi surfaces, consisting of a hole
> surface around thE point and two complicated electron sur-
faces. Hence the similarity of the thickness dependence of
FIG. 15. Schematic view of the local forward resistafitg and ~ the coupling(two oscillation periods with the same ratio
the Hall resistanc&R,;, along the sample. The measured forward P1/P,~2, Table ) is not surprising in the framework of the
resistanceR,(Xy ,Xn+1) iS the (nonloca) integration of R,, be-  quantum interference model. It is worthwhile to mention that
tween positionx= Xy andX= Xy 1. there also exist band structure calculations in the magnetic

Ry, R
'%xx (xN+l)
ﬁxx x N)

Ry Gy

\[ \L

i b

XN XN+l
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states of MpAs and MnSb by Yanget al?* and Wijngaard (a) collinear

et al,** respectively. However, it is difficult to make quanti- e F.S.Fa, F1.S.Fa, g°
tative predictions of the interlayer coupling from these re- Bt L | ket | 1 Ef
sults. f/,///\\xw + W Fo.

NN
We do not have a clear answer to the question why the Eord__- Wﬂ
long-range order of the spacer layer material is not reflected

in the oscillation periods of the coupling. One conceivable
reason could be an orthogonal orientation of the spins in the
ferromagnetic films(c axis) and the spacer layetbasal
plane. However, we can rule out this possibility since it
would be inconsistent with the results for the )b spacer

at room temperature where all quantization axes are parallel
and where we still do not observe the magnetic structure of FIG. 16. Schematic band lineup for ferromagnet-spacer-
the spacer layer in the thickness dependence. ferromagnet trilayers with magnetic spacer layers, illustrating the

The most likely explanation for the absence of any sign ofdépendence of the reflection coefficients on the relative _orient_ation
the (bulk) magnetic order in the oscillation periods is a modi- of the easy axes..The sketches are drawn for.parallel orlgntatlon of
fication or quenching of the order caused by the small thick POth ferromagnetic films. The phase and amplitude of the interlayer

- oupling are determined by the reflection coefficients for spin-up
ness of the spacer layers. The energy differences between tﬁe . . : .

. . 8 eft-hand sid¢ and spin-dowr(right-hand sidg electrons(a) Col-
various magnetlt_: structures fo_un_d '_n the ;8b-type (_:om- _linear easy axes: small reflection coefficierils.Orthogonal easy
pounds are relatively small as is indicated by the wide variyyqg: larger reflection coefficients.
ety of structures as a function of the composition and lattice
constant. For example, in the case of MpCr,Sb withx ~ ment by itself does not predict in which configuration the
=0.023 andk=0.03 the existence of a weakly ferrimagnetic coupling should be strongest, the temperature dependence
third state with magnetic periocb%nzsb has been reported as for thick Mn,Sb spacers indicates that the coupling is stron-

an intermediate state between the ferrimagnetic state at higheSt when the MsEb moments are parallel to teeaxis, i.e.,
temperature and the antiferromagnetic state at lowvhen they are collinear with the MnGa moments.
temperaturé’ 4|t is therefore very well possible that the  Finally, we discuss the orientation of the momentshim
magnetic order in our ultrathin spacers is altered from thdin2Sb spacer layeréwhere the spin reorientation transition
bulk configuration or even becomes commensurate with thé Not observedand in the MpAs spacer layers. Comparing
quantum-size oscillations in the interlayer coupling. the strength of the coupling through thin and thick #8b
Next, we address the question why the spin reorientatio§Pacers in Fig. 10, we see that the strength for thin spacers is
transition of MnSb still has an influence on the strength of Similar to that of thick spacers at high temperature. .e., the
the interlayer coupling, even when the long-range order ignoments remain along theaxis and the spin reorientation
modified or quenched. The magnetocrystalline anisotropyfansition is suppressed. This can be attributed to induced
(MCA) originates from the spin-orbit interaction. This is a Perpendicular anisotropy from the adjacent MnGa filims
local energy term for each individual moment which doesterface contribution which dominates the magnetocrystal-
not depend on the orientation of the neighboring moments. in€ anisotropy of the thin MsBb layer(bulk contribution
is not influenced by the exchange interaction between neigtRelow a critical film thickness. This is in agreement with the
bors which is responsible for the long-range order. As a reobservation that MyBb straddles the transition point from
sult, the preferential axis along which the moments align ig?0Sitive to negative magnetocrystalline anisotropy. Hence
unrelated to the nature and period of the long-range order dhe absolute anisotropy values are small, and the magneto-
even to its presence or absefte. prystalhne anisotropy is easily dominated by the MnGa-
Consequently, the spin reorientation transition of ,Blm  induced anisotropy. _
is expected to persist unchanged even when the long-range The coupling strength for the MAs spacers is smaller
order is modified, and hence it may influence the reflectiorfhan for MnSb (Gun s> Imn,as 250 °> Imnas 300 0 - Setting
coefficients at the interfaces. When the moments of theside possible differences in quality between the various
spacer layer are in the basal plane, orthogonal to the MnGsamples, this suggests that the moments inAdrare in the
moments(e.g., thick MnSb spacers at low temperatyre basal plane, as in bulk MAs, and that the induced perpen-
each spin-up or spin-down electron of MnGa is decomposedicular anisotropy cannot manifest itself. This can be already
in a combination of spin “left” and spin “right” in the be understood from the general argument thatAsnis far-
spacer layer, and couples to both spin subbands at the sartfer away from the spin reorientation transiti@zero cross-
time. This is illustrated in Fig. 1®) for parallel alignment of ing of the MCA) than MnSb; hence, the absolute value of
both MnGa films. The situation is clearly different when the magnetocrystalline anisotropy is bound to be larger.
both easy axes are collinear, Fig.(46 when each MnGa A more quantitative argument is based on neutron diffrac-
electron couples to only one spin subband in the spacer layeion measurements on Mn,Cr,Sb*’ which have shown
The reflection coefficients can be expected to differ in boththat the ferrimagnetic-to-antiferromagnetic transition is ac-
cases, and according to the quantum interference nfodelcompanied by a decrease in local moment on the Mn-I site
also the coupling strengths will differ. Although this argu- and an increase in local moment on the Mn-Il site. This

(b) orthogonal
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result is confirmed by band calculations on Ms,?* while  size oscillations in the magnetoresistance are superimposed
calculations on MgSh (Ref. 30 did not show a significant On @ background MR that decays monotonously with the
change in moment. As the anisotropy energy is proportionafPacer layer thickness. This component is the traditional gi-
to the local magnetic moment, the balance between the con@Nt magnetoresistance and is due to spin-polarized scattering.
peting anisotropies on Mn-I and Mn-Il sites is disturbed. !N the special case where the scattering is not spin dependent,
Both contributions no longer cancel out, and a large net ant!® Packground is zero and the quantum-size oscillations
isotropy is obtained. As the Mn-I sublattice has a positived'/€ MS€ Ito IS|gn rel;/eg,als of thg énd%(g;etores%t_anc;.hMore
DRy 1S : o Ny recent calculations by Barnas an ave predicted the
(c-axig anisotropy while Mn-Il gives a negativén plang existence of additional periods in the magnetoresistance, re-

g?rnt(;r:blrgl(')sn’s:?oeno;/e'rs” ;nr:%()lttr?:pa% (:;é?gf:rgt'ge;rgmz%rt]sgclated to the potential barriers at the interfaces, that have no
ucture 1 gly In plane. Xp counterpart in the interlayer coupling.

to dominate over the induced perpendmular anisotropy from “\when applying this model to our magnetic spacer layers,
MnGa, keeping the MgAs moments in our samples in the (here was initially the concern that the coupling might be of
basal plane over the entire thickness range under study. 5 different origin (exchange-bias effegtsin which case a

prediction based on quantum-size effects would be void. Our

B. GaAs spacers: Interlayer coupling present result—that the interlayer coupling is indeed of

guantum—size origin—takes away this concern. Since the

Wé}del is based on a free-electron-like description, it does not
Xplain quantitatively some of our observations. In particu-
ap there is naa priori reason why all samples should show

Although the magnetic contamination of the GaAs space
layers has been strongly suppressed and the layers had t
expected zinc-blende crystal structure, we found oscillato

thickness dependence and a negative temperature coeffici . L2
P g P exactly the same ratio betwe&R/Rp gandJ as seen in Fig.

for the interlayer coupling. ! ) : oo .
I y {Ping 14(a), especially given the considerable variation in ampli-

The strong coupling at small spacer layer thicknesses i 9 . .
possibly rela?ed toptheg Mys-like sErface Igyer that devel- tudes and oscillation periods between the different samples.
The similar nature of the Fermi surfaces of M and

ops on the MnGa films in an As background. The persistin Sb in th tic stad Id t for th
oscillatory coupling at larger spacer layer thicknesses is car- Nx>h 1N € paramagnetic stateécould account for the
same ratios for these two materials. However, the GaAs

ried by the GaAs spacer layer itself. Our analysis in the : Id b d to beh it v F
preceding paragraphs has shown that it cannot be attribut acer layer would be expected to behave differently. Fur-
thermore, the absence of GMR offset indicates that the scat-

to the magnetic influence of any Mn contamination thatt U in ind dent. imolvi ither that th ;
might remain below the detection limit of AES< 4 at. %. €ring 1S spin independent, implying either that there IS no
in asymmetry in the scattering in the MnGa layers or that

From the AES results we could also exclude the presence S S
pinholes the spin information is not transferred through the spacer
Therefore we are forced to conclude that the GaAs space?yer‘ A more detailed description is needed to verify these
layers have a metallic character. Since RHEED observationgbf‘l_ehrvat'o.ns' f . | ratio betwekR/R dJ
have shown a zinc-blende crystal structure, this suggests a e existence of a universal ratio betw podn
high concentration of defect levels at the band edges or inf—or all Spacer layer materials suggests that_the link between
side the forbidden gap. Stacking faults and twin boundarie§'agnetoresistance and eoupllng IS more direct tha_n a com-
caused by the nucleation on a dissimilar substi&cess MON dependence ona 'ghlrd factor. This is the premise of the
As related to the low-temperature growth of GaAs, and the{rus_tra}lzon magnetoresistance model we have proposed
remaining Mn impurities may all contribute to a defect bandalier-~ This model is phenomenological in concept, but it

that mediates the magnetic coupling. The shorter deca kes into account a number of the peculiarities of our mate-
lengths are in agreement with the surface roughening of th jals system. It is based on the observation that scattering due

GaAs spacer, resulting in a smearing out of the oscillationsl® Magnetic dlso.rder constitutes an important part of the. re-
istivity of our trilayers, as indicated by the large negative

We conclude that the growth of GaAs spacer layers wit :
satisfactory semiconducting properties in MnGa/GaAs _ackground of the MR curves related to forced magnetiza-

MnGa trilayers is not possible, in spite of the successfufion (Fig- 13. In the same way as an external field, the in-
work on related systems such as NiGa/GaAs an(}e_rlayer co_upllng can prom_ote or counteract the allgnment or
CoGa/GaAs® There is no allowed growth window between disorderwithin the MnGa films. When the magnetic al|lgn—
Mn contamination of the spacer layer at high growth tem__r’nent[paraIIeI(P} or antlparaIIeKAP}] of beth MnG.a films is
peratures(300°Q and insufficient crystal quality of the IcnoﬁgIriiszeerr]:(;/:rztggt:;i%{f))fg:r:gtﬁggrgrr?g;ﬁetir:ﬁill?)t]eggﬁr
spacer layer at lower temperatui@10°0. Figs. 17a) and 17d), then the effect of the coupling on each

of the MnGa films is similar to an applied field in the same
direction as the magnetization of that film. It will reduce the
Barnas and Bruynseraede have performed calculations iimternal disorder and thus the resistivity compared to the case
a free-electron-like model and predicted a correlation bewhere no coupling is presefithis would be identical to a
tween quantum-size effects in the interlayer coupling and théee surfacg In the opposite case, where the effective align-
magnetoresistance. They found an oscillatory component ment frustrates the preferred alignment, Figs(bl7and
in the magnetoresistance that is in phase with the oscillation$7(c), the coupling acts as a negative applied field that in-
in the interlayer coupling and has a polarity that is in agree<creases the disorder and contributes to the resistivity. This is
ment with our experimental results. In general, the quantumschematically indicated by gray shading in Fig. 17.

C. Magnetoresistance
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ferromagnetic coupling antiferromagnetic coupling abstraction of the origin of the coupling or the nature of the

spacer layer(in fact, it describes resistivity changasside

[
" I .
parallel  antiparallel | parallel  antiparaliel each MnGa film and does not depend on any electrical cur-
2 T N < IREEIE < IR rent passing through the spacer lgyét predicts the same
: : : : : : Ak I : : : : relation for all spacer layers in agreement with Fig(al4
P A4 : P A4 44 The increase of the negative magnetoresistance due to
| forced magnetization at room temperature compared to 9 K
: : ! : : : : t MM indicates that the moments are becoming softer, and one
PN | vh Y would also expect an increase in magnetoresistance due to
IR I AR the frustration mechanism. This is only partly the case in our
I : : : 1 I : t i i i samples, where Figs. (@ and 14b) show that the slope of
I AR/Rp o vs J for most samples does not change with tem-
no frustration frustration | frustration no frustration perature.
low R high R | high R lowR
FIG. 17. Schematic representation of the frustration magnetore- D. Exchange bias and increased coercivity

sistance mechanisnb), (c) When the momentary alignmefpar- ) ) )
allel P or antiparallel APis opposite to the preferred alignment ~ Finally, we want to discuss the shape and width of the
(ferromagnetic F or antiferromagnetic Afhe induced disorder of Minor hysteresis loops, since these are crucial for the accu-
the moments near the interface leads to an increase in resistivityaCy of our analysis technique for the interlayer coupling. It
(a), (d) When the momentary alignment is in agreement with theiS well known that in exchange-biased spin valve structures,
coupling, the coupling field acts as a positive external field thatwhere a ferromagnetic film FM is pinned by an antiferro-
reduces the disorder, lowering the resistivity. magnetic layer AFM, the exchange bias is often accompa-
nied by an increase in coercive field of the ferromagset
Moreover, since the coupling does not act as a homogNogues and Schull& for a recent overviey Although the
enous field, but rather is a interface force, it also createsnicroscopic mechanisms are not completely understood at
differences between the top and bottom of each MnGa filmthis moment, the increased coercivity is related to the propa-
In the cases depicted in Figs. (bY or 17(c), the frustrated gation of domain wall$® One possible mechanisf is the
coupling causes the moments closest to the interface to rotaiiaxial anisotropy induced in the FM film, which increases
away from the easy axis, while the moments deeper in théhe energy of the domain walls and reduces their width,
film rotate less. This amounts to(partial) domain wall be-  thereby making them more sensitive to pinning and increas-
tween the top and bottom of each MnGa film that runs oveiing the coercive field. Another mechanigii that has been
the entire area of the sample and contributes to an increase jioposed is the reversal of small domains in the antiferro-
resistance. An indication of the length scale involved can benagnet during reversal of the ferromagnet. This leads to ir-
found by calculating the domain wall thickne&sFollowing  reversible effects that contribute to the coercivity.
Chikazumi®® this is given bys=m\/A/K, for the case of The coupling fields and energies in the MnGa trilayers are
uniaxial anisotropy, withK, the anisotropy constant ada  of the same order agor even larger thanthe typical
coefficient related to the exchange energy. If we consider thexchange-bias fields. If the interlayer coupling were to influ-
Mn sublattice as simple cubithus neglecting the tetragonal ence the shape or width of the minor hysteresis loops, then
distortion as well as the influence of Ga on the Mn-Mn ex-the two edges of the minor loops would shift by different
change, thenA is given by A= 75%/a. Here S~1 is the amounts, and the center of the loop would no longer be a
total spin quantum number of each Mn atoar; 0.30nm is ~ valid quantitative measure of the interlayer coupling
the lattice constar(tve chose an average value that preservestrength. In order to ensure that this is not the case, we have
the volume of the tetragonal cglland 7= fkgT¢ is the ex-  shown the hysteresis loops for extreme values of F and AF
change integral wittkg the Boltzmann constant arfda di-  coupling strength in Fig. 3Here the linear background due
mensionless prefactor which depends on the crystal structuite the normal Hall effect is still present; see Fig. 4 for an
and the spin quantum numb& No value is given for a example after subtraction of the backgroyndwe also
simple cubic lattice withS=1, and we use the valué have plotted the extracted coercive figlid; of the minor
=0.54 listed for the cas&=1%.%° With K,=2.6x10°J/n?  loops for the two trilayers with the strongest coupling in
and Tc=600K, this finally results in a domain wall width Figs. @c) and 11c). The minor loops are well defined, with
Smnca=7.5nm. The small value is mainly a consequence ofLl00% remanence, sharp transitions between the P and AP
the large magnetocrystalline anisotropy. Comparing this wittstates, and no distortion. The coercive fielg, is constant
the thicknesses of our MnGa trilayef$0 and 8 nmy it is  over the entire wedge, althoudts and HZ, vary strongly.
clear that the partial domain wall in the case of frustratedThis shows that the minor loops are not distorted.
coupling makes up an important part of each MnGa film and The square shape of the hysteresis loops is related to the
can contribute to an increase in resistance. strong uniaxial magnetocrystalline anisotropy of Mn®g
From Fig. 17 it is obvious that this frustration magnetore-=2.6x 10° J/n?, u,H,=6.4T), preventing rotation of the
sistance mechanism naturally leads to a correlation betweanagnetic moments and limiting magnetization reversal to the
not only the sign, but also the amplitude of the interlayermotion of 180° domain walls, where the coercive field is
coupling and the magnetoresistance. As the model makegetermined by pinning and/or nucleation evefité\s the
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intrinsic anisotropy and domain wall energy of MnGa films with the MnGa easy axis and weak when it is orthogonal.
are much larger than any conceivable induced anisotropy byhese results agree qualitatively with Bruno’s quantum in-
the coupling, the first mechanisfi that may cause an in- terference theory for magnetic interlayer coupling in multi-
crease in coercivity in exchange-biased films is negligible inayers withnonmagneticspacer layers and indicate that the
our case. The second possible mechanism—irreversible ebulk long-range order of Mi\s and MnSb is modified or
fects in the antiferromagnet—can also be ruled out since thquenched in our ultrathin spacer layers. The magnetocrystal-
spacer layer is very thin and only mediates the coupling tdine anisotropy, on the other hand, is a result of the local
the second MnGa film. This is the real biasing layer, asspin-orbit interaction and is not affected by the small layer
shown by the fact that the bias field changes sign when itthickness. The reorientation of the moments in the spacer
magnetization is reversed. Its behavior is automaticallyayer with respect to the MnGa easy axis changes the reflec-
monitored during the Hall effect measurements, and the pregion coefficients at the interfaces and modifies the interlayer
ence of a plateau after the reversal of the soft MnGa filmcoupling strength.
shows that the hard film has not switched yet. MnGa/GaAs/MnGa trilayers with GaAs spacers without
There is, however, one factor that slightly influences thedetectable Mn contamination still showed metalliclike be-
accuracy of our analysis. The small rounding at the leadindpavior, with an oscillatory dependence of the interlayer cou-
edge of the transitions indicates that the switching is govyling strength on the spacer layer thickness. This is attributed
erned by the pinning and depinning of domain walls, not byto the poor crystal structure, where defects and excess As
the nucleation of new domains which would lead to a tran-may create additional states in the forbidden gap. We con-
sition with a sharp onset and no roundi#gFor samples clude that there is no allowed growth window that combines
with very small AF plateaugFigs. 3c) and 3e)], the leading  the low Mn contamination of the GaAs spacer layer with a
edges of the AP-to-P transitions are slightly more roundedufficiently high crystal quality to yield semiconducting
than those of the P-to-AP transitions. Because we canngiroperties.
scan the applied field far beyond the AP transition, there are All samples showed a clear correlation between the mag-
more domain walls left in the AP state that can act as nuclenetoresistance and interlayer coupling strength with one uni-
ation centers and initiate the switching back to the P state. Imersal proportionality ratio for all spacer layer materials. The
order to minimize any bias on our measurement results, wdescription by Barnast al. predicts such a correlation for
have always scanned the minor loops starting from the ARjuantum-size effects in the magnetoresistance and interlayer
side and have made the saturation fields for P and AP aligreoupling, but it cannot readily explain the universal propor-
ment as symmetric as possible within the constraints of beingonality ratio we observe. Our frustration magnetoresistance
able to measure all Hall crosses on the section of the wedgmodel is a qualitative description that does not depend on the
under examination. The uniform valuestdf; in Figs. Gc) nature of the interlayer coupling or on the choice of spacer

and 11c) indicate that this strategy was successful. layer material. It naturally predicts an identical spacer layer
thickness dependence for coupling and magnetoresistance,
VI. CONCLUSIONS and a universal proportionality coefficient for all spacer layer
materials.

MnGa/MnAs/MnGa and MnGa/MgBb/MnGa trilayers
with magneticspacer layers showed an oscillatory depen-
dence of the interlayer exchange coupling strength on the
spacer layer thickness, similar to multilayers with metallic, This work, partly supported by the New Energy and In-
nonmagnetic spacer layers. Theriod of the oscillations is  dustrial Technology Development OrganizatigNEDO),
not relatedto the (bulk) long-range magnetic order of the was performed in JRCAT under the joint research agreement
spacer layer material, whereas thigengthof the coupling between NAIR and ATP. W.V.P. acknowledges support dur-
does dependn the orientation of the easy axis of the spacering part of this research from the Fund for Scientific
layer. The coupling is strong when the easy axis is collineaResearch—Flande(8elgium).
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