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Interlayer coupling and magnetoresistance of MnGa-based trilayers with semiconducting,
antiferromagnetic, and ferrimagnetic spacer layers
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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 (Mn2As), ferrimagnetic (Mn2Sb), and semiconducting~GaAs! spacer layers. The samples
are grown epitaxially on GaAs~001! 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 that theperiod of the interlayer coupling isnot relatedto the
magnetic long-range order of the spacer layer. Thestrengthof the couplingdoes dependon 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.

DOI: 10.1103/PhysRevB.63.184417 PACS number~s!: 75.70.Cn, 75.70.Pa, 81.15.Hi
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I. INTRODUCTION

A. Motivation

Interlayer exchange coupling~IEC! and giant magnetore
sistance~GMR! in magnetic multilayers have been studi
intensively during the last decade.1 Most of the work has
been done on metallic, nonmagnetic spacer layers. In
case of semiconducting spacer layers, the coupling stre
was very weak~0.005 mJ/m2 for amorphous Si spacer laye
in Fe/a-Si/Fe trilayers grown at 77 K,2 compared to values
up to 5 mJ/m2 for metallic spacers3!, but it could be ther-
mally induced.2,4–6 Many of the subsequent experiments
room temperature suffered from the formation of vario
iron silicides due to the reactivity between iron and silico
resulting in a poor understanding of the electronic proper
of the spacer layers. Chaikenet al.7 suggested that the spac
layers in antiferromagnetically coupled Fe/Si multilaye
were crystalline and metallic, and that the coupling has
same origin as in metal/metal multilayers. Recently, En
et al.8,9 showed the telltale positive temperature coefficie
of coupling through a nonmetallic spacer and used a mix
of metallic and insulating phases to fit their results.

Motivated by the work on epitaxial TM-III/III-V hetero-
structures~TM5transition metal! such as NiGa/GaAs an
CoGa/GaAs,10 we have studied GaAs spacer layers in~nomi-
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nally! MnGa/GaAs/MnGa trilayers and found a strong inte
layer coupling up to 0.35 mJ/m2 at room temperature.11 Even
more surprising was the clear correlation between the s
of the magnetoresistance and interlayer coupling. Sam
with ferromagnetic~F! and antiferromagnetic~AF! interlayer
coupling showed normal and inverse ‘‘GMR,
respectively.12 However, understanding of these phenome
was hampered by a magnetic contamination of the spa
layers as the result of Mn diffusion at the elevated grow
temperature~300 °C!, with Mn concentrations up to 50 at. %
and resulting in the formation of a mixed phase betwe
GaAs and Mn2As with uncontrolled electronic and magnet
properties.

One obvious way to gain a better understanding is to
duce the Mn contamination. The growth and structural pr
erties of GaAs spacer layers without detectable Mn conta
nation were reported earlier.13 The magnetic properties of th
trilayers with improved GaAs spacers will be presented he

The second approach, and the main subject of this pa
is to directly study the influence of the magnetic structure
the spacer layers. Indeed, the extensive treatment of the
terlayer exchange coupling in terms of quantum interferen
by Bruno6 is valid only for nonmagnetic spacer layers.
cannot be applied when long-range magnetic order is pre
in the spacer layer. Although one can expect quantum-
©2001 The American Physical Society17-1
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effects to persist, they would be superimposed on the eff
of direct coupling between the moments in the ferromagn
films and in the magnetic spacer, similar to the excha
biasing of a ferromagnetic film by an antiferromagnetic lay
in spin valve structures.14 The relative orientation of both
ferromagnetic~FM! films ~i.e., the interlayer coupling be
tween them! would then be determined by the relative orie
tation of the moments in the top and bottom planes of
spacer. The spacer layer thickness dependence of the
would mimic the internal magnetic structure of the spa
layer and would not be related to quantum interference
fects. We present here an experimental investigation of
role of the internal magnetic period of the spacer layer a
the orientation of its quantization axis with respect to that
the ferromagnetic films using well-controlled antiferroma
netic Mn2As and ferrimagnetic Mn2Sb spacer layers.

Third, a better understanding of the IEC is also import
for the interpretation of the magnetoresistive behavior of
samples. Barnas and Bruynseraede15 have predicted a corre
lation between quantum-size effects in the giant magnet
sistance and interlayer coupling in magnetic multilay
which is consistent with our experimental results. Howev
this model cannot be applied if the coupling is from a diffe
ent origin ~direct coupling similar to exchange bias effect!.
Alternatively, we have proposed a phenomenological frus
tion magnetoresistance model that explains the correlatio
terms of a frustration of the magnetic moments of Mn
near the interfaces with the spacer layer.12 It makes abstrac-
tion of the specific coupling mechanism and can be app
to the case of direct coupling as well. We will present ma
netoresistance data for semiconducting, antiferromagn
and ferrimagnetic spacer layers, and discuss their correla
with the IEC in terms of both models.

B. Material system

The d phase of MnGa is one of several ferromagne
phases formed by Mn and Ga.16–19It has a tetragonal crysta
structure with CuAu type-I ordering~Fig. 1, center! and
shows strong magnetocrystalline anisotropy with thec axis
as easy axis and an anisotropy fieldm0Ha52Ku /Ms
'6.4 T,18 where the saturation magnetizationMs varies
from 510 to 450 kA/m over the bulk stability range of 56–5
at. % Mn.16 The in-plane lattice parameteraMnGa50.272 nm
is only 4% smaller than half of the lattice parameter of Ga
(aGaAs/250.283 nm), allowing the epitaxial growth o
single-crystalline films on GaAs~001! substrates using mo
lecular beam epitaxy~MBE!.20 Thec axis grows perpendicu
lar to the GaAs~001! surface, resulting in thin films with a
perpendicular magnetization. The films show square hys
esis loops, and we have demonstrated previously that
possible to modify the coercive field by controlling the com
position and the post-growth thermal treatment.21

The strong perpendicular anisotropy of MnGa thin film
has two important advantages. It limits the possible direct
of the magnetization of each FM film to two distinct stat
~up and down along a single axis! and results in hysteresi
loops with well-defined plateaus. The absence of nonc
linear states greatly facilitates the analysis of the meas
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ments. The perpendicular magnetization also allows the
of transport measurements@the extraordinary Hall effect
~EHE!# to determine the magnetic hysteresis loops and t
the IEC simultaneously with the magnetoresistance~MR!.

Mn2As ~Refs. 22–24! and Mn2Sb ~Refs. 25–30! both
have the Cu2Sb-type tetragonal crystal structure~Fig. 1, top!.
The basal plane lattice constantsaMn2As andaMn2Sb are larger

thanaMnGa by a factor very close to&. In fact, when the unit
cell is rotated by 45° around thec axis the crystal structure is
identical to MnGa except for the insertion of an addition
layer of atoms on the vertical faces of the cell. The latt
mismatch with the basal plane of MnGa is21.3% and
16.0% for Mn2As and Mn2Sb, respectively. We have a
ready shown the epitaxial compatibility in the growth
single-crystalline Mn2As~001! films on MnGa and GaAs,31

as well as Mn2Sb~001! on GaAs.32

From the magnetic point of view, Mn2As and Mn2Sb have
a layered structure with two nonequivalent Mn positio
~Fig. 2!. Planes of Mn-I atoms are sandwiched between co
posite planes consisting of Mn-II and As~or Sb! to form

FIG. 1. Crystal structure and epitaxial relationship for the m
terials used in this work. Bottom: GaAs, zinc-blende unit ce
Center: MnGa, tetragonal unit cell with CuAu type-I ordering
ordered body-centered-tetragonal~bct! ~solid lines!. The nonstand-
ard face-centered-tetragonal~fct! unit cell which is& times larger
and rotated over 45° is shown as well using shaded circles
dotted lines. Top: Mn2As and Mn2Sb crystallize in the
Cu2Sb-type tetragonal structure with two nonequivalent Mn sit
labeled Mn-I and Mn-II. The orientation of the present trilayers
GaAs~001!@100#iMnGa~001!@100#iMn2As or Mn2Sb~001!@110#.
7-2
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triple layers. The exchange interaction within these tri
layers is strong with antiferromagnetic alignment betwe
Mn-I and Mn-II planes.30 Because of the different momen
on Mn-I and Mn-II, the triple layers carry a net magne
moment. The exchange interaction between the triple lay
is much weaker and depends on the interatomic distanc

In Mn2As the coupling between the triple layers is an
ferromagnetic, resulting in a layered antiferromagnetic str
ture with magnetic period equal to 2 times the structu
lattice constantcAF52 cMn2As51.254 nm as shown in Fig. 2
~left!. The moments lie in the basal plane,23 orthogonal to the
easy axis of MnGa. Here Mn2Sb has a slightly larger lattice
constantcMn2Sb50.656 nm, causing ferromagnetic alignme
of the triple layers and a layered ferrimagnetic structure w
magnetic period equal to the structural periodcFi5cMn2Sb

~Fig. 2, right!. By comparing Mn2As and Mn2Sb spacers, we
can evaluate the influence of the internal magnetic period
the spacer layer on the interlayer exchange coupling.

In addition, Mn2Sb shows a spin reorientation transitio
from moments along thec axis aboveT'250 K to moments
in the basal plane below this temperature, without affect
the antiparallel alignment of the moments. This transition
been attributed to a different temperature dependence
competing anisotropies at the Mn-I and Mn-II sites, favori

FIG. 2. Magnetic structures of bulk Mn2As and Mn2Sb. Here
Mn2As is a layered antiferromagnet with magnetic period equa
2cMn2As . The moments are orthogonal to thec axis. Mn2Sb is a
layered ferrimagnet with magnetic period equal tocMn2Sb. The mo-
ments undergo a spin reorientation transition from spins in the b
plane forT,250 K ~bottom! to spins parallel to thec axis for T
.250 K ~top!.
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moments parallel to thec axis and in the basal plane
respectively.25–28 The temperature dependence of IE
through Mn2Sb spacers will clarify the role of the relativ
orientation of the quantization axis of the spacer layer w
respect to that of the ferromagnetic films.

II. EXPERIMENT

The samples have been grown by MBE. The system c
sists of two growth chambers that are connected under u
high vacuum. The first chamber has standard evapora
cells for Ga, As, and Si, and is used for the growth of Ga
buffer layers. The second chamber is a modified Riber 3
chamber equipped with solid-source effusion cells for M
Ga, and Sb, and a valved cracking cell for As.

A linear shutter in front of the substrate allowed th
growth of wedge-shaped layers for a more precise study
the spacer layer thickness dependence of the magnetic p
erties. The wedges are typically 36 mm long with a slope
0.5–0.7 Å/mm. The wedges were nominally stepped wit
width of 2–4 mm/step. However, as a result of the lar
separation between the linear shutter and substrate, the
were smoothed out and could not be resolved by the m
surements. All samples were covered by a 15-nm-thick Ga
cap layer~polycrystalline or amorphous! to prevent oxida-
tion.

Both growth chambers are equipped with a 25-keV refl
tion high-energy electron diffraction~RHEED! system. An
Auger electron spectroscopy~AES! setup~Anelva AAS-200!
is mounted on one of the transfer modules for semiin situ
compositional analysis. X-ray diffraction~XRD! u-2u spec-
tra have been taken on a Rigaku RINT-1500 diffractome

The magnetic properties have mainly been studied us
magnetotransport measurements. Because of the perpen
lar magnetization of MnGa, the magnetic field is appli
perpendicular to the surface of the trilayers. In this config
ration the Hall effect can be measured simultaneously w
the magnetoresistance. The extraordinary component of
Hall voltage is proportional to the magnetization and allo
the measurement of hysteresis loops. The offset field of
minor hysteresis loops is a direct measure for the interla
coupling strength.11

We defined 100-mm-wide Hall bars using optical lithog
raphy and wet chemical etching in a H3PO4:H2O2:H2O
3:1:50 solution. The mask contained four staggered dev
to cover the entire length of the wedge-shaped sample
one processing run. Each device consisted of a 100-mm-wide
Hall bar with 12 pairs of 12-mm-wide contacts at 1-mm in
tervals. One sample (Mn2Sb) was measured in the van d
Pauw configuration with four-point resistanc
measurements33 on 434 mm2 large squares. The measur
ments were performed in a closed-cycle cryostat in the te
perature range 9–320 K and in applied fields up to 1.5 T.
these fields are much smaller than the anisotropy field
MnGa, m0Ha56.4 T,18 the magnetization remains esse
tially parallel to the easy axis. Here 90° configurations a
ruled out, and magnetization reversal occurs through dom
wall motion. In order to translate the coupling fields to t
coupling energies, we have measured the magnetization
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selected number of samples using a Princeton model 2
alternating gradient force magnetometer~AGFM!.

III. GROWTH AND STRUCTURAL PROPERTIES

For the growth of MnGa, we followed the procedure d
scribed by M. Tanakaet al.20 After the growth of a 100-nm-
thick GaAs buffer, the substrate was cooled down toTsub
<20 °C and an amorphous layer consisting of five altern
ing monolayers Mn-Ga-Mn-Ga-Mn was deposited on
GaAsc(434) reconstructed surface. The substrate temp
ture was then increased to 150–180 °C, where the am
phous layer transformed into a crystalline MnGa templ
and, further, to 230 °C. At this temperature the growth
MnGa is continued by coevaporation of Mn and Ga at a r
of 60 nm/h until the desired thickness was achieved.

MnGa thin films can be grown in a wide compositio
range from 50 to 72 at. % Mn by controlling the flux rati
after calibration against AES and electron probe microan
sis ~EPMA! measurements. The coercivity depends on
composition21 and on the thermal treatment34 after the film
has been completed. This property was used to obtain
teresis loops with two separate steps. The first MnGa fi
~soft film! was grown with the composition resulting in th
lowest coercive field (Mn54Ga46) and was annealed at 300
350 °C during 10 min to reduce the coercive field ev
further.21,34 The second MnGa film~hard film! was grown
slightly off the ideal composition (Mn60Ga40) and annealed
at 270–320 °C during 5 min to create a square hyster
loop, but maintaining a larger coercivity.

RHEED and AES measurements have indicated some
absorption on the MnGa surface in an As-rich environme
creating a surface layer with Mn2As-like symmetry.35 To
prevent its formation in trilayers with Mn2Sb or GaAs space
layers, we have preannealed the GaAs buffer layers at 4
470 °C during 10 min before the growth of the MnGa film

Mn2As or Mn2Sb spacer layers were grown using a fl
ratio Mn:As2~Sb4! of 1:3. Growth was initiated by simply
opening both shutters simultaneously at a substrate temp
ture of Tsub5250– 300 °C (Mn2As) and 170 °C~Mn2Sb!.
The growth rate was 80 nm/h. The similarities between
crystal structures of Mn2As ~Mn2Sb! and MnGa result in
very good structural quality for the Mn2As and Mn2Sb
spacer layers as is shown by RHEED and XRD meas
ments.In situ AES measurements indicated that the int
faces are abrupt without interdiffusion.35

GaAs spacer layers have been grown according to
procedure reported earlier, which includes coevaporation
Ga and As2 with a flux ratio of 1:2.13 A reduced growth
temperature ofTsub5210 °C and an increased growth rate
75 nm/h compared to 300 °C and 12 nm/h in our init
work11 were used to suppress the diffusion of Mn from t
first MnGa film into the GaAs spacer. This diffusion
driven by the strong affinity between Mn and As compar
to the Ga-As bond.36–38In situ AES measurements of the M
peak as function of the GaAs spacer layer thickness sho
a signal that decayed with a characteristic length@9 Å or 3.2
monolayers~ML ! for the sample presented here# that is simi-
lar to the AES probing depth~typically 10–30 Å! ~Ref. 39!
18441
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and dropped below our detection limit~;4 at. %! at a thick-
ness tGaAs>12 ML ~34 Å!. Here 1 ML is defined as one
Ga1As layer, with a thickness 1 ML5aGaAs/250.283 nm
~see Fig. 1!. This signal could be attributed to the burie
MnGa film, indicating that there was no Mn diffusion int
the GaAs spacer layer. RHEED images showed some rou
ening of the surface, but the decay of the AES signal c
firmed that the GaAs layers were continuous without a
pinholes that could lead to direct magnetic coupling betwe
both MnGa films. The RHEED images also confirmed t
zinc-blende crystal structure of the GaAs spacers. Althou
the low growth temperature and As2 flux caused twinning
and a deterioration of the surface morphology for thick la
ers, the quality in the 0–12 ML range remained sufficient
the growth of single-crystalline MnGa films on top of th
spacer.

IV. MAGNETIC PROPERTIES

A. Interlayer coupling: Mn 2As and Mn2Sb spacer layers

1. Definitions and analysis technique

The magnetic properties have been determined from
traordinary Hall effect hysteresis loops, according to the p
cedure described in our earlier publication.11 Figure 3 shows
typical hysteresis loops for three different spacer lay

FIG. 3. Extraordinary Hall effect~EHE! hysteresis loops atT
59 K for trilayers with different spacer layers:~a!, ~b! Mn2As
grown at 300 °C,~c!, ~d! Mn2As grown at 250 °C, and~e!, ~f!
Mn2Sb grown at 170 °C. The spacer layer thickness is indica
in number of unit cells (Mn2As: 1 cell50.627 nm; Mn2Sb: 1
cell50.656 nm!. The direction of the field sweep is indicated b
arrows. The labels P and AP indicate regions where the magne
tions of both MnGa films are oriented parallel and antiparallel
each other, the labels F and AF indicate samples with ferromagn
and antiferromagnetic coupling~i.e., samples where the preferre
direction of the magnetizations is P or AP!.
7-4
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(Mn2As grown at 250 and 300 °C, and Mn2Sb!. Figure 4
shows the definitions of the coupling fieldHs , the coercive
field of the soft magnetic film,Hc1 , and the apparent coer
cive field of the hard magnetic film,Hc2* . Because of the
different coercivity of both MnGa films, hysteresis loop
with two steps are observed. By reversing the field swee
between both steps, minor loops can be traced where
magnetization of the softer film is cycled without affectin
the magnetization of the hard film. Interlayer coupling cau
a shift of the minor loops along the field axis depending
the magnetization of the hard film, without affecting th
width of the minor loops. Minor loops taken on the upp
and lower branches of the overall hysteresis loop, i.e., for
two possible directions of the magnetization of the hard fi
are shifted over equal fields, but in opposite directions. T
field Hs ~Fig. 4! over which the loops are shifted is a dire
measure for the interlayer coupling strengthJ5m0HsM1t1 ,
whereM1 and t1 are the saturation magnetization and lay
thickness of the soft magnetic film.M1 has been measure
by AGFM on a selected number of pieces cut from ea
wedge. We obtained about 400 kA/m for all samples, wh
is close to the bulk magnetization. We define the sign ofHs
and J such that positive values indicate ferromagnetic c
pling, as is the case for the example shown in Fig. 4. T
shift of the minor loops allows us to measure both F and
coupling quantitatively.

This technique breaks down when the F coupling
comes so large that the two steps in the hysteresis loop o
lap and the hard film starts to reverse before the reversa
the soft film is complete. The curve in Fig. 3~e! is on the
edge of this breakdown. In this case we have tried to estim
the coupling strength from the position of the second s
Hc2* of the major hysteresis loop. As can be seen from Fig
this field is not constant for a given wedge-shaped sampl
is related to the actual coercive fieldHc2 by Hc2* 5Hc2

2J/(m0M2t2), where the index 2 refers to the seco
~5hard! MnGa film. Since we do not have access to t
intrinsic value ofHc2 , we cannot determineJ directly from
Hc2* . However, as each wedge-shaped sample repres
only one growth run,Hc2 , M2 , andt2 are constant over the
entire sample. This allowed us to fitJ vs Hc2* in the range
where both could be measured and extrapolate this rela
ship to the regions whereJ could not be measured directly
Data points that have been obtained in this way are re

FIG. 4. Definition of the coupling fieldHs , the coercive field
Hc1 of the minor loops~i.e., the soft magnetic film!, and the appar-
ent coercive fieldHc2* of the hard magnetic film.
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The dependence of the interlayer coupling strengthJ on

the spacer layer thicknessd has been fitted to exponentiall
decaying since functions of the form

J~d!5J01(
i 51

N

Ji sin@2p~d2di !/Pi #exp~2d/l i !, ~1!

where Pi are the oscillation periods,l i the decay lengths
and the number of termsN51 or 2. In the framework of the
quantum interference model for nonmagnetic spacers
Bruno,6 this would indicate the contributions of one or tw
critical ~that is, stationary! spanning vectors on the Ferm
surface of the spacer layer. Since this model predict
d22-like envelope for metallic spacer layers, we have a
attemptedd22- and d2n-like decaying sines; however, w
consistently found that an exponential decay gave the
results.

2. Mn2As and Mn2Sb spacer layers

The spacer layer thickness dependence of the IEC aT
59 K for two Mn2As spacer layers grown at different su
strate temperatures is shown in Figs. 5 and 6. The sp
layer grown at the optimum growth temperature~300 °C!
clearly shows two oscillatory components in the thickne
dependence of the IEC, Fig. 5~a!. The main component is a
short-period oscillation withP155.5 Å ~0.88 structural unit
cells of Mn2As! and a long decay lengthl1518 Å. At small
spacer layer thicknesses, it is superimposed on a quickly
caying component withP2512.8 Å andl252.3 Å. The pe-

FIG. 5. Spacer layer thickness dependence of the magn
properties of a$10 nm Mn54Ga46/Mn2As/8 nm Mn60Ga40% trilayer
with wedge-shaped Mn2As spacer layer grown at 300 °C. The me
surements are taken at 9 K. Solid and open circles differentiate
four Hall bar devices that were used to cover the entire spacer l
wedge. ~a! Interlayer coupling fieldHs and coupling strengthJ.
Solid and thick dashed lines are best fits using one and two de
ing sine functions, respectively. Thin dashed and dotted lines
the individual terms of the two-component fit, offset vertically f
clarity. ~b! MagnetoresistanceDR/RP,05(RP2RAP)/RP,0, where
the subscripts P~AP! indicate parallel~antiparallel! orientation of
the magnetization directions of both MnGa films.
7-5



fast
t on

the

rns
I

bly

he
n at
lm

mall
lt of
-
of
on

l
. 7.
the
two
s in

W. VAN ROY, H. AKINAGA, AND S. MIYANISHI PHYSICAL REVIEW B 63 184417
FIG. 6. ~a!, ~b! Same as Fig. 5, for a Mn2As spacer layer grown
at 250 °C. Shaded circles in~a! are values estimated fromHc2* , not
determined from the shift of the minor loops. The inset in~a! shows
the sample structure with the soft Mn54Ga46 ~No. 1! and hard
Mn60Ga40 films ~No. 2! at the bottom and top, respectively.~c!
Coercive fieldHc1 of the minor loop~film No. 1! and positionHc2*
of the second step of the overall hysteresis loop~apparent coercive
field of film No. 2!.
ng-

18441
riods remain unchanged atT5300 K, but the decay length
l1 is shorter~Table I!. ~The variations inP2 and l2 are
believed to be not significant: because of the extremely
decay, small measurement errors have a large impac
these values.!

The Mn2As spacer layer grown at 250 °C~at the lower
end of the growth window for Mn2As! shows a stronger
coupling, but with only one oscillatory component withP1

510.2 Å ~1.6 unit cells! and decay lengthl158.8 Å ~1.4
unit cells!, as indicated by the thick solid line in Fig. 6~a!.
The temperature dependence of the coupling suggests
presence of an additional term~see below!; hence, we have
fitted to the sum of two decaying sines as well~thick dashed
line!. The results are summarized in Table I. The fit retu
two components with nearly equal period listed in Table
and shown by the offset curves in Fig. 6~a!. However, the
overall accuracy of the fit does not improve except possi
at the thick end of the spacer layer~3 unit cells of Mn2As!,
and we cannot be sure that this result is significant. T
different thickness dependence of the spacer layer grow
250 °C is presumably due to a lower crystal quality. The fi
is grown at the lower end of the growth window of Mn2As.
Thick layers show increased surface roughness and s
shoulders on the main XRD peaks that may be the resu
nonstoichiometric growth~e.g., As interstitials or antisite de
fects!. Since this may influence the electronic properties
the material, we will base our further analysis exclusively
the Mn2As spacer grown at 300 °C.

The results for a Mn2Sb spacer layer with a similar crysta
lattice but a different magnetic structure are shown in Fig
For reasons we will discuss below, we have fitted only
measurements taken at room temperature. We obtain
periods that are about 50% longer than their counterpart
the highest-quality Mn2As film grown at 300 °C. Their rela-
tive strength and decay periods are inverted, with the lo
in
sition
f the
TABLE I. Spacer layer material~with growth temperature!, measurement temperature, periodsPi , and
decay lengthsl i of the thickness oscillations of the coupling, relative goodness of fitx2

2/x1
2, and orientation

of the moments in the spacer layer for the$10 nm Mn54Ga46/spacer/8 nm Mn60Ga40% trilayers under study.
Periods and decay lengths are given both in Å and in the number of unit cells of Mn2As ~6.27 Å! and Mn2Sb
~6.56 Å! or in the number of monolayers of GaAs~2.83 Å!. The dominating contributions are indicated
boldface. For Mn2Sb no low-temperature values are listed since the effect of the spin reorientation tran
is superimposed on the normal thickness dependence. The relative goodness of fit shows the ratio ox2

values of the two-component fit to the single component fit.

Spacer layer
~growth T!

Temperature
(K)

P1

@Å ~cells!#
l1

@Å ~cells!#
P2

@Å ~cells!#
l2

@Å ~cells!# x2
2/x1

2 Moments

Mn2As ~300 °C! 9 5.5 „0.88… 17.7 „2.82… 12.8 ~2.04! 2.3 ~0.37! 0.20 Basal plane
300 5.5 „0.88… 11.0 „1.76… 11.0 ~1.76! 3.2 ~0.51! Basal plane

Mn2As ~250 °C! 9 10.2~1.63! 8.8 ~1.40! 0.91 Basal plane
One component 250 10.3~1.65! 12.2 ~1.95! Basal plane
Mn2As ~250 °C! 9 10.3~1.65! 30.1 ~4.80! 11.8 ~1.88! 8.03 ~1.28! 0.91 Basal plane
Two components 250 11.1~1.77! ` ~`! 13.3 ~2.11! 18.9 ~3.01! Basal plane
Mn2Sb ~170 °C! 9

300
–

8.2 ~1.25!
–

7.7 ~1.18!
–

17.6 „2.68…
–

14.4 „2.19…
0.02 Reorients

c axis
GaAs ~210 °C! 9 9.1 „3.21… 4.7 „1.65… 58.2 ~20.6! 2.9 ~1.02! 0.74 –

300 7.4 „2.60… 5.7 „2.02… 13.9 ~4.91! 4.7 ~1.68! –
7-6
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period oscillation now making the dominating contributio
Comparing Mn2As (Tsub5300 °C) with Mn2Sb, it is clear

that the dependence of the interlayer coupling strength on
spacer layer thickness does not represent the bulk mag
structure of the spacer layers. The behavior of both mate
is similar, with the periods for Mn2Sb shifted towards longe
wavelengths. In fact, the dominating component is oppo
from what the long-range magnetic order of the spacer lay
would suggest. Mn2As with a large magnetic period of
structural unit cells shows a strong short-period compon
l1'0.9 unit cells, whereas Mn2Sb with a magnetic period o
1 unit cell has a stronger long period componentl2'2.7 unit
cells.

The absence of a correlation with the magnetic period
the spacer layer and the similarity of the periods to th
obtained for many nonmagnetic transition-metal spac3

suggests that the coupling is simply caused by quantum
terference effects in the spacer layer as for nonmagn
spacers.6,40

The temperature dependence of the interlayer coup
strength through Mn2As spacer layers grown at 300 an
250 °C is shown in Figs. 8 and 9. In both cases we fin

FIG. 7. Same as Fig. 5, for a Mn2Sb spacer layer grown a
170 °C. The measurements were performed on van der P
squares of 434 mm2 at T59 K and 300 K. Fitting is done to the
data taken atT5300 K.

FIG. 8. Temperature dependence of the coupling stren
through a Mn2As spacer layer grown at 300 °C. The labels indica
the spacer layer thickness in unit cells of Mn2As ~5 0.627 nm!.
18441
he
tic
ls

te
rs

nt

f
e
s
n-
tic

g

a

strong negative temperature coefficient for spacer la
thicknesses below 1 structural unit cell and a much wea
negative temperature dependence for larger thicknesses
particular cases where the two oscillatory components h
opposite signs, we observe a sign reversal of the coupl
This suggests that both components have a different t
perature dependence~that is, a different critical temperatur
at which the coupling vanishes!.

Mn2Sb spacer layers thinner than approximately 2 u
cells show a behavior similar to Mn2As, with a negative
temperature coefficient that is strongest at small spacer l
thicknesses~Fig. 10!. However, for thicknesses exceeding
unit cells ~thick lines!, the temperature dependence is mo
complicated. The interlayer coupling is quenched at low te
perature, with a transition temperatureTmax that increases
with increasing spacer layer thickness fromTmax'180 K at
dMn2Sb52.33 unit cells toTmax'250 K at dMn2Sb53 unit
cells ~see Fig. 10, inset!.

This is the expected behavior if the Mn2Sb spacer layer
undergoes the spin reorientation transition outlined in Fig
Above the transition temperature the spins are parallel to

w

th

FIG. 9. Temperature dependence of the coupling stren
through a Mn2As spacer layer grown at 250 °C. The labels indica
the spacer layer thickness in unit cells of Mn2As ~50.627 nm!.

FIG. 10. Temperature dependence of the coupling stren
through a Mn2Sb spacer layer grown at 170 °C. The labels at
left side indicate the spacer layer thickness in unit cells of Mn2Sb
~50.656 nm!. Thick lines show spacers with thickness larger th
2.33 unit cells where the coupling strength is quenched belo
critical temperatureTmax, a possible indication of the spin reorien
tation transition. The inset lists the approximate value ofTmax as
function of the spacer layer thickness.
7-7
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W. VAN ROY, H. AKINAGA, AND S. MIYANISHI PHYSICAL REVIEW B 63 184417
MnGa spins, and a strong interaction is expected. Below
transition temperature the spins are orthogonal to MnGa
a suppression of the coupling strength can be expected.
fact that the spin reorientation transition is not observed
spacer layer thicknesses less than 2 unit cells can be a
uted to induced perpendicular anisotropy caused by the
jacent MnGa films, keeping the Mn2Sb moments parallel to
the c axis at all temperatures.

In other words, atT5300 K the Mn2Sb spins are paralle
to thec axis ~the bulk easy axis at that temperature! for all
spacer layer thicknesses, while at low temperatures the
ments are parallel to thec axis for dMn2Sb<2 unit cells but

orthogonal toc for dMn2Sb.2 unit cells. As the relative ori-
entation of the quantization axes changes as a function o
spacer layer thickness, the thickness dependence of the i
layer coupling at 9 K~Fig. 7! could not be fitted to Eq.~1!.

3. GaAs spacer layers

The thickness and temperature dependence of the in
layer coupling for a GaAs spacer layer without detecta
Mn content~decay length for the Mn signal in AES measur
ments of 9 Å or 3.2 ML! grown atTsub5210 °C is shown in
Figs. 11~a! and 12. In spite of the suppressed Mn contam
nation, we still find an oscillatory thickness dependence w
a period ofP159.1 Å. The coupling strength at low spac
layer thicknesses is comparable to the Mn2As and Mn2Sb
cases but it decays much faster with increasing thickn
with l154.7 Å. Again, this is superimposed on a seco

FIG. 11. Same as Fig. 5, for a GaAs spacer layer grown
210 °C.
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component with even shorter decay lengthl2 . The period
P2 is long and could not be determined exactly because
the fast decay.

The temperature dependence as well is similar to Mn2As
and Mn2Sb, with a negative temperature coefficient and s
reversals for certain spacer layer thicknesses, suggesti
different critical temperature for the two components of t
coupling.

B. Magnetoresistance

Figure 13 shows typical magnetoresistance measurem
for the three different metallic spacer layers discussed ab
The curves have been normalized to the resistance at
applied field with parallel orientation of the magnetizatio
of both MnGa films RP,05RP(m0Happl50 T). The most
striking feature is the correlation of the sign of the magn
toresistanceDR5(RP2RAP) with the sign of the interlayer
coupling, whereRP and RAP are the resistances with th
magnetizations of both MnGa films parallel and antipara
to each other, respectively. Samples with ferromagnetic
terlayer coupling@Figs. 13~a!, 13~c!, and 13~e!# show the
highest resistance when both magnetizations are aligned
tiparallel to each other (RAP.RP), as would be expected in
the normal GMR case. Samples with antiferromagnetic c
pling @Figs. 13~b! 13~d!, and 13~f!#, however, show the op
posite behavior with a lower resistance when the magnet
tions are aligned antiparallel (RAP,RP).

The correlation with the interlayer couplingJ is shown
more clearly in Figs. 5, 6, 7, and 10 where we compare
thickness dependence ofDR/RP,0 andJ. Here we have taken
DR as the constant resistance difference (RP2RAP) for those
samples with an extended AP region such as Figs. 13~a!,
13~b!, 13~d!, 13~f! or the largest value of (RP2RAP) for
samples where the AP region is very narrow, as in Fi
13~c! and 13~e!. The results atT59 K are summarized in
Fig. 14~a!. The data points for all samples fall on one un
versal straight line through the origin, irrespective of t
spacer layer material. The five outliers slightly above t
general curve are all for very small spacer layer thicknes

t

FIG. 12. Temperature dependence of the coupling stren
through a GaAs spacer layer grown at 210 °C. The labels indic
the spacer layer thicknesses in monolayers of GaAs~1 ML
GaAs50.283 nm!. The region225 mT<m0Hs<25 mT is shown
expanded in the inset.
7-8
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FIG. 13. Magnetoresistance curves atT
59 K ~solid lines! and room temperature~dotted
curves! for the same samples as shown in Fig.
Only the major hysteresis loops are shown. T
arrows indicate the direction of the field swee
The curves are normalized to the resistance
parallel magnetizations at zero applied fieldRP,0.
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where the variations ofDR andJ vs the spacer layer thick
ness are largest and most nonlinear and where phase
errors betweenDR andJ are most likely to occur, as will be
discussed below.

Figure 14~b! shows the relation betweenDR/RP,0 andJ at
room temperature, together with the paths traced by a
lected number of devices at intermediate temperatures. M
of the points stay close to the same center line, even for
Mn2Sb spacer layer when it goes through the spin reorie
tion transition~dotted lines with arrows!. The increased scat
ter in the data points can partly be attributed to increa
uncertainty on theDR measurements due to a narrowing
the plateaus caused by the decreasing coercive fieldsHc1 and
Hc2 at higher temperatures, and to the increased interfere
of the ‘‘butterfly’’-shaped features in the resistance arou
magnetization reversal,41 leading to uncertainties up t
0.1%–0.2% inDR/RP,0. Only the data points for the GaA
spacer layer at very small thickness show a different beh
ior, with DR/RP,0 remaining approximately 1% while th
couplingJ vanishes.

For the measurements taken in the Hall bar configura
~Figs. 5, 6, and 10!, it has been necessary to correct for
phase error between the measured values ofDR and J, as
shown in Fig. 15. Because of the wedge shape of the sp
layer, the Hall resistanceRH(x) @V# and the forward resis
tivity Rxx(x) @V/cm# vary continuously as a function of th
position x along the Hall bar. Whereas theRH loops ~and
thus the coupling fieldHs and the coupling energyJ! are
measured locally at positionsxN and xN11 , this is not the
case for theRxx loops. Rather, the measurement return
resistanceRxx(xN ,xN11) @V#, which is the integration of
18441
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Rxx betweenxN andxN11 . If the variation ofRxx with x is
slow, we can use a linear approximation

Rxx~xN ,xN11!5E
xN

xN11Rxx~x!dx

'RxxS x5
xN1xN11

2 D ~xN112xN!

}RxxS x5
xN1xN11

2 D , ~2!

showing that the measuredRxx is proportional toRxx at po-
sition (xN1xN11)/2. In Figs. 5, 6, and 10, we have plotte
the DR/RP,0 values atx positions halfway between theJ
values. In Fig. 14 we have comparedDR/RP,0 with interpo-
lated values of the couplingJ, which are given in linear
approximation by

RHS x5
xN1xN11

2 D'
RH~x5xN!1RH~x5xN11!

2
,

~3a!

JS x5
xN1xN11

2 D'
J~x5xN!1J~x5xN11!

2
. ~3b!

Our data@Fig. 14~a!# show that this procedure generally h
yielded good results. Only in the regions with very fast var
tion of coupling strength and~magneto!resistance vs the
spacer layer thickness do some errors due to a phase
become apparent. The above corrections were not applie
7-9
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W. VAN ROY, H. AKINAGA, AND S. MIYANISHI PHYSICAL REVIEW B 63 184417
the Mn2Sb film which was measured in the Van der Pa
configuration on 434 mm2 large squares.

The magnetoresistance loopsRxx vs applied fieldm0Happl
~Fig. 13! show one additional feature, namely, a negat
background which is typical for magnetic metals.42 It is
caused by forced magnetization when the external field

FIG. 14. Correlation between the magnetoresistanceDR/RP,0

5(RP2RAP)/RP,0 and the interlayer coupling strengthJ for
$10 nm Mn54Ga46/spacer/8 nm Mn60Ga40% trilayers with different
spacer layer materials.~a! T59 K, ~b! T5300 K, with traces from
9 to 300 K for selected data points. Dotted lines with arrows r
resent thick Mn2Sb spacer layers that go through the spin reori
tation transition.

FIG. 15. Schematic view of the local forward resistanceRxx and
the Hall resistanceRH along the sample. The measured forwa
resistanceRxx(xN ,xN11) is the ~nonlocal! integration ofRxx be-
tween positionsx5xN andx5xN11 .
18441
e

e-

duces the thermally induced disorder in the magnetic m
ments and thereby reduces the scattering. Usually, this e
vanishes at low temperatures when there is no thermally
duced disorder, leaving the positive magnetoresistance
to the Lorentz force which is also found in nonmagne
metals. The background magnetoresistance of the Mn
based trilayers is nearly linear in applied fields up to 1.5
with sample-dependent slopes ranging from20.1%/T to
20.4%/T at 9 K and from20.6%/T to21.7%/T at 300 K.
Surprisingly, the background is still negative at 9 K. This
an indication that there is additional, nonthermally induc
disorder in the alignment of the moments. One possible
gin is the chemical disorder with antisite defects caused
the nonstoichiometric composition and by the relatively lo
growth temperature.34 The chemical disorder also manifes
itself in the alloy scattering, resulting in a residual resistiv
at 9 K of about 40% of the room-temperature resistivity.

V. DISCUSSION

A. Interlayer coupling and the magnetic structure of the
spacer layer

At first glance it seems as if the thickness and tempera
dependences of the interlayer coupling lead to opposite c
clusions: on the one hand, we find that the thickness dep
dence is not related to the magnetic structure of the sp
layer, while the temperature dependence for Mn2Sb suggests
otherwise. However, the contradiction is only apparent,
the two effects are related to different physical origins.

Bruno has given an extensive treatment of the interla
coupling throughnonmagneticspacer layers, based on a d
scription in terms of quantum interferences.6 He showed that
the thickness dependence of the coupling~the oscillation pe-
riod! is determined by the complex Fermi surface of t
spacer layer, while the magnitude and phase of the coup
are mainly determined by the reflection coefficients at
ferromagnet–normal-metal interfaces and depend only t
lesser extent on the Fermi surface. Although the formali
used in this work is strictly speaking not valid for spac
layers with long-range magnetic order, quantum-size effe
are expected to remain present, but superimposed on t
there may be the influence of the magnetic order of
spacer layer. Since we did not observe any signature of
~bulk! long-range order of the Mn2As and Mn2Sb spacer lay-
ers, we will discuss our results in terms of the general c
clusions of Bruno and show that they are in qualitati
agreement with them.

First, we look at the thickness dependence of the c
pling. Chonanet al.43 have compared the band structures
various Cu2Sb-type compounds in the paramagnetic sta
They found four families with different topologies for th
Fermi surface. Mn2As and Mn2Sb belonged to the same fam
ily and have similar Fermi surfaces, consisting of a ho
surface around theG point and two complicated electron su
faces. Hence the similarity of the thickness dependence
the coupling ~two oscillation periods with the same rati
P1 /P2'2, Table I! is not surprising in the framework of th
quantum interference model. It is worthwhile to mention th
there also exist band structure calculations in the magn

-
-
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INTERLAYER COUPLING AND MAGNETORESISTANCE . . . PHYSICAL REVIEW B 63 184417
states of Mn2As and Mn2Sb by Yanget al.24 and Wijngaard
et al.,30 respectively. However, it is difficult to make quant
tative predictions of the interlayer coupling from these
sults.

We do not have a clear answer to the question why
long-range order of the spacer layer material is not reflec
in the oscillation periods of the coupling. One conceiva
reason could be an orthogonal orientation of the spins in
ferromagnetic films~c axis! and the spacer layer~basal
plane!. However, we can rule out this possibility since
would be inconsistent with the results for the Mn2Sb spacer
at room temperature where all quantization axes are par
and where we still do not observe the magnetic structure
the spacer layer in the thickness dependence.

The most likely explanation for the absence of any sign
the~bulk! magnetic order in the oscillation periods is a mo
fication or quenching of the order caused by the small thi
ness of the spacer layers. The energy differences betwee
various magnetic structures found in the Cu2Sb-type com-
pounds are relatively small as is indicated by the wide v
ety of structures as a function of the composition and lat
constant. For example, in the case of Mn22xCrxSb with x
50.023 andx50.03 the existence of a weakly ferrimagne
third state with magnetic period 3cMn2Sb has been reported a
an intermediate state between the ferrimagnetic state at
temperature and the antiferromagnetic state at
temperature.27,44,45It is therefore very well possible that th
magnetic order in our ultrathin spacers is altered from
bulk configuration or even becomes commensurate with
quantum-size oscillations in the interlayer coupling.

Next, we address the question why the spin reorienta
transition of Mn2Sb still has an influence on the strength
the interlayer coupling, even when the long-range orde
modified or quenched. The magnetocrystalline anisotr
~MCA! originates from the spin-orbit interaction. This is
local energy term for each individual moment which do
not depend on the orientation of the neighboring moment
is not influenced by the exchange interaction between ne
bors which is responsible for the long-range order. As a
sult, the preferential axis along which the moments align
unrelated to the nature and period of the long-range orde
even to its presence or absence.46

Consequently, the spin reorientation transition of Mn2Sb
is expected to persist unchanged even when the long-ra
order is modified, and hence it may influence the reflect
coefficients at the interfaces. When the moments of
spacer layer are in the basal plane, orthogonal to the M
moments~e.g., thick Mn2Sb spacers at low temperature!,
each spin-up or spin-down electron of MnGa is decompo
in a combination of spin ‘‘left’’ and spin ‘‘right’’ in the
spacer layer, and couples to both spin subbands at the s
time. This is illustrated in Fig. 16~b! for parallel alignment of
both MnGa films. The situation is clearly different whe
both easy axes are collinear, Fig. 16~a!, when each MnGa
electron couples to only one spin subband in the spacer la
The reflection coefficients can be expected to differ in b
cases, and according to the quantum interference mo6

also the coupling strengths will differ. Although this arg
18441
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ment by itself does not predict in which configuration t
coupling should be strongest, the temperature depend
for thick Mn2Sb spacers indicates that the coupling is stro
gest when the Mn2Sb moments are parallel to thec axis, i.e.,
when they are collinear with the MnGa moments.

Finally, we discuss the orientation of the moments inthin
Mn2Sb spacer layers~where the spin reorientation transitio
is not observed! and in the Mn2As spacer layers. Comparin
the strength of the coupling through thin and thick Mn2Sb
spacers in Fig. 10, we see that the strength for thin space
similar to that of thick spacers at high temperature. I.e.,
moments remain along thec axis and the spin reorientatio
transition is suppressed. This can be attributed to indu
perpendicular anisotropy from the adjacent MnGa films~in-
terface contribution!, which dominates the magnetocrysta
line anisotropy of the thin Mn2Sb layer~bulk contribution!
below a critical film thickness. This is in agreement with t
observation that Mn2Sb straddles the transition point from
positive to negative magnetocrystalline anisotropy. Hen
the absolute anisotropy values are small, and the magn
crystalline anisotropy is easily dominated by the MnG
induced anisotropy.

The coupling strength for the Mn2As spacers is smalle
than for Mn2Sb (JMn2Sb.JMn2As,250 °C.JMn2As,300 °C). Setting
aside possible differences in quality between the vari
samples, this suggests that the moments in Mn2As are in the
basal plane, as in bulk Mn2As, and that the induced perpen
dicular anisotropy cannot manifest itself. This can be alrea
be understood from the general argument that Mn2As is far-
ther away from the spin reorientation transition~a zero cross-
ing of the MCA! than Mn2Sb; hence, the absolute value
the magnetocrystalline anisotropy is bound to be larger.

A more quantitative argument is based on neutron diffr
tion measurements on Mn22xCrxSb,47 which have shown
that the ferrimagnetic-to-antiferromagnetic transition is a
companied by a decrease in local moment on the Mn-I
and an increase in local moment on the Mn-II site. Th

FIG. 16. Schematic band lineup for ferromagnet-spac
ferromagnet trilayers with magnetic spacer layers, illustrating
dependence of the reflection coefficients on the relative orienta
of the easy axes. The sketches are drawn for parallel orientatio
both ferromagnetic films. The phase and amplitude of the interla
coupling are determined by the reflection coefficients for spin
~left-hand side! and spin-down~right-hand side! electrons.~a! Col-
linear easy axes: small reflection coefficients.~b! Orthogonal easy
axes: larger reflection coefficients.
7-11
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result is confirmed by band calculations on Mn2As,24 while
calculations on Mn2Sb ~Ref. 30! did not show a significan
change in moment. As the anisotropy energy is proportio
to the local magnetic moment, the balance between the c
peting anisotropies on Mn-I and Mn-II sites is disturbe
Both contributions no longer cancel out, and a large net
isotropy is obtained. As the Mn-I sublattice has a posit
~c-axis! anisotropy while Mn-II gives a negative~in plane!
contribution, the overall anisotropy of the antiferromagne
structure is strongly in plane.26 It can therefore be expecte
to dominate over the induced perpendicular anisotropy fr
MnGa, keeping the Mn2As moments in our samples in th
basal plane over the entire thickness range under study.

B. GaAs spacers: Interlayer coupling

Although the magnetic contamination of the GaAs spa
layers has been strongly suppressed and the layers ha
expected zinc-blende crystal structure, we found oscillat
thickness dependence and a negative temperature coeffi
for the interlayer coupling.

The strong coupling at small spacer layer thicknesse
possibly related to the Mn2As-like surface layer that devel
ops on the MnGa films in an As background. The persist
oscillatory coupling at larger spacer layer thicknesses is
ried by the GaAs spacer layer itself. Our analysis in
preceding paragraphs has shown that it cannot be attrib
to the magnetic influence of any Mn contamination th
might remain below the detection limit of AES~< 4 at. %!.
From the AES results we could also exclude the presenc
pinholes.

Therefore we are forced to conclude that the GaAs spa
layers have a metallic character. Since RHEED observat
have shown a zinc-blende crystal structure, this sugges
high concentration of defect levels at the band edges or
side the forbidden gap. Stacking faults and twin bounda
caused by the nucleation on a dissimilar substrate,10 excess
As related to the low-temperature growth of GaAs, and
remaining Mn impurities may all contribute to a defect ba
that mediates the magnetic coupling. The shorter de
lengths are in agreement with the surface roughening of
GaAs spacer, resulting in a smearing out of the oscillatio

We conclude that the growth of GaAs spacer layers w
satisfactory semiconducting properties in MnGa/GaA
MnGa trilayers is not possible, in spite of the success
work on related systems such as NiGa/GaAs a
CoGa/GaAs.10 There is no allowed growth window betwee
Mn contamination of the spacer layer at high growth te
peratures~300 °C! and insufficient crystal quality of the
spacer layer at lower temperatures~210 °C!.

C. Magnetoresistance

Barnas and Bruynseraede have performed calculation
a free-electron-like model and predicted a correlation
tween quantum-size effects in the interlayer coupling and
magnetoresistance.15 They found an oscillatory componen
in the magnetoresistance that is in phase with the oscillat
in the interlayer coupling and has a polarity that is in agr
ment with our experimental results. In general, the quantu
18441
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size oscillations in the magnetoresistance are superimp
on a background MR that decays monotonously with
spacer layer thickness. This component is the traditional
ant magnetoresistance and is due to spin-polarized scatte
In the special case where the scattering is not spin depend
the background is zero and the quantum-size oscillati
give rise to sign reversals of the magnetoresistance. M
recent calculations by Barnas and Bulka48 have predicted the
existence of additional periods in the magnetoresistance
lated to the potential barriers at the interfaces, that have
counterpart in the interlayer coupling.

When applying this model to our magnetic spacer laye
there was initially the concern that the coupling might be
a different origin ~exchange-bias effects!, in which case a
prediction based on quantum-size effects would be void. O
present result—that the interlayer coupling is indeed
quantum-size origin—takes away this concern. Since
model is based on a free-electron-like description, it does
explain quantitatively some of our observations. In partic
lar, there is noa priori reason why all samples should sho
exactly the same ratio betweenDR/RP,0 andJ as seen in Fig.
14~a!, especially given the considerable variation in amp
tudes and oscillation periods between the different samp
The similar nature of the Fermi surfaces of Mn2As and
Mn2Sb in the paramagnetic state43 could account for the
same ratios for these two materials. However, the Ga
spacer layer would be expected to behave differently. F
thermore, the absence of GMR offset indicates that the s
tering is spin independent, implying either that there is
spin asymmetry in the scattering in the MnGa layers or t
the spin information is not transferred through the spa
layer. A more detailed description is needed to verify the
observations.

The existence of a universal ratio betweenDR/RP,0 andJ
for all spacer layer materials suggests that the link betw
magnetoresistance and coupling is more direct than a c
mon dependence on a third factor. This is the premise of
frustration magnetoresistance model we have propo
earlier.12 This model is phenomenological in concept, but
takes into account a number of the peculiarities of our ma
rials system. It is based on the observation that scattering
to magnetic disorder constitutes an important part of the
sistivity of our trilayers, as indicated by the large negati
background of the MR curves related to forced magneti
tion ~Fig. 13!. In the same way as an external field, the
terlayer coupling can promote or counteract the alignmen
disorderwithin the MnGa films. When the magnetic align
ment@parallel~P! or antiparallel~AP!# of both MnGa films is
in agreement with the preferred alignment@i.e., the interlayer
coupling, ferromagnetic~F! or antiferromagnetic~AF!# as in
Figs. 17~a! and 17~d!, then the effect of the coupling on eac
of the MnGa films is similar to an applied field in the sam
direction as the magnetization of that film. It will reduce th
internal disorder and thus the resistivity compared to the c
where no coupling is present~this would be identical to a
free surface!. In the opposite case, where the effective alig
ment frustrates the preferred alignment, Figs. 17~b! and
17~c!, the coupling acts as a negative applied field that
creases the disorder and contributes to the resistivity. Th
schematically indicated by gray shading in Fig. 17.
7-12
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Moreover, since the coupling does not act as a hom
enous field, but rather is a interface force, it also crea
differences between the top and bottom of each MnGa fi
In the cases depicted in Figs. 17~b! or 17~c!, the frustrated
coupling causes the moments closest to the interface to ro
away from the easy axis, while the moments deeper in
film rotate less. This amounts to a~partial! domain wall be-
tween the top and bottom of each MnGa film that runs o
the entire area of the sample and contributes to an increa
resistance. An indication of the length scale involved can
found by calculating the domain wall thicknessd. Following
Chikazumi,49 this is given byd5pAA/Ku for the case of
uniaxial anisotropy, withKu the anisotropy constant andA a
coefficient related to the exchange energy. If we consider
Mn sublattice as simple cubic~thus neglecting the tetragona
distortion as well as the influence of Ga on the Mn-Mn e
change!, then A is given by A5JS2/a. Here S'1 is the
total spin quantum number of each Mn atom,a'0.30 nm is
the lattice constant~we chose an average value that preser
the volume of the tetragonal cell!, andJ5 f kBTC is the ex-
change integral withkB the Boltzmann constant andf a di-
mensionless prefactor which depends on the crystal struc
and the spin quantum numberS. No value is given for a
simple cubic lattice withS51, and we use the valuef
50.54 listed for the caseS5 1

2 .49 With Ku52.63106 J/m3

and TC5600 K, this finally results in a domain wall width
dMnGa57.5 nm. The small value is mainly a consequence
the large magnetocrystalline anisotropy. Comparing this w
the thicknesses of our MnGa trilayers~10 and 8 nm!, it is
clear that the partial domain wall in the case of frustra
coupling makes up an important part of each MnGa film a
can contribute to an increase in resistance.

From Fig. 17 it is obvious that this frustration magneto
sistance mechanism naturally leads to a correlation betw
not only the sign, but also the amplitude of the interlay
coupling and the magnetoresistance. As the model ma

FIG. 17. Schematic representation of the frustration magnet
sistance mechanism.~b!, ~c! When the momentary alignment~par-
allel P or antiparallel AP! is opposite to the preferred alignme
~ferromagnetic F or antiferromagnetic AF!, the induced disorder o
the moments near the interface leads to an increase in resist
~a!, ~d! When the momentary alignment is in agreement with
coupling, the coupling field acts as a positive external field t
reduces the disorder, lowering the resistivity.
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abstraction of the origin of the coupling or the nature of t
spacer layer~in fact, it describes resistivity changesinside
each MnGa film and does not depend on any electrical c
rent passing through the spacer layer!, it predicts the same
relation for all spacer layers in agreement with Fig. 14~a!.

The increase of the negative magnetoresistance du
forced magnetization at room temperature compared to
indicates that the moments are becoming softer, and
would also expect an increase in magnetoresistance du
the frustration mechanism. This is only partly the case in
samples, where Figs. 14~a! and 14~b! show that the slope o
DR/RP,0 vs J for most samples does not change with te
perature.

D. Exchange bias and increased coercivity

Finally, we want to discuss the shape and width of t
minor hysteresis loops, since these are crucial for the ac
racy of our analysis technique for the interlayer coupling
is well known that in exchange-biased spin valve structur
where a ferromagnetic film FM is pinned by an antiferr
magnetic layer AFM, the exchange bias is often accom
nied by an increase in coercive field of the ferromagnet~see
Nogues and Schuller14 for a recent overview!. Although the
microscopic mechanisms are not completely understoo
this moment, the increased coercivity is related to the pro
gation of domain walls.50 One possible mechanism~i! is the
uniaxial anisotropy induced in the FM film, which increas
the energy of the domain walls and reduces their wid
thereby making them more sensitive to pinning and incre
ing the coercive field. Another mechanism~ii ! that has been
proposed is the reversal of small domains in the antifer
magnet during reversal of the ferromagnet. This leads to
reversible effects that contribute to the coercivity.

The coupling fields and energies in the MnGa trilayers
of the same order as~or even larger than! the typical
exchange-bias fields. If the interlayer coupling were to infl
ence the shape or width of the minor hysteresis loops, t
the two edges of the minor loops would shift by differe
amounts, and the center of the loop would no longer b
valid quantitative measure of the interlayer coupli
strength. In order to ensure that this is not the case, we h
shown the hysteresis loops for extreme values of F and
coupling strength in Fig. 3.~Here the linear background du
to the normal Hall effect is still present; see Fig. 4 for
example after subtraction of the background.! We also
have plotted the extracted coercive fieldHc1 of the minor
loops for the two trilayers with the strongest coupling
Figs. 6~c! and 11~c!. The minor loops are well defined, wit
100% remanence, sharp transitions between the P and
states, and no distortion. The coercive fieldHc1 is constant
over the entire wedge, althoughHs and Hc2* vary strongly.
This shows that the minor loops are not distorted.

The square shape of the hysteresis loops is related to
strong uniaxial magnetocrystalline anisotropy of MnGa~Ku
52.63106 J/m3, m0Ha56.4 T!, preventing rotation of the
magnetic moments and limiting magnetization reversal to
motion of 180° domain walls, where the coercive field
determined by pinning and/or nucleation events.34 As the
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intrinsic anisotropy and domain wall energy of MnGa film
are much larger than any conceivable induced anisotropy
the coupling, the first mechanism~i! that may cause an in
crease in coercivity in exchange-biased films is negligible
our case. The second possible mechanism—irreversible
fects in the antiferromagnet—can also be ruled out since
spacer layer is very thin and only mediates the coupling
the second MnGa film. This is the real biasing layer,
shown by the fact that the bias field changes sign when
magnetization is reversed. Its behavior is automatica
monitored during the Hall effect measurements, and the p
ence of a plateau after the reversal of the soft MnGa fi
shows that the hard film has not switched yet.

There is, however, one factor that slightly influences
accuracy of our analysis. The small rounding at the lead
edge of the transitions indicates that the switching is g
erned by the pinning and depinning of domain walls, not
the nucleation of new domains which would lead to a tra
sition with a sharp onset and no rounding.34 For samples
with very small AF plateaus@Figs. 3~c! and 3~e!#, the leading
edges of the AP-to-P transitions are slightly more round
than those of the P-to-AP transitions. Because we can
scan the applied field far beyond the AP transition, there
more domain walls left in the AP state that can act as nu
ation centers and initiate the switching back to the P state
order to minimize any bias on our measurement results,
have always scanned the minor loops starting from the
side and have made the saturation fields for P and AP al
ment as symmetric as possible within the constraints of be
able to measure all Hall crosses on the section of the we
under examination. The uniform values ofHc1 in Figs. 6~c!
and 11~c! indicate that this strategy was successful.

VI. CONCLUSIONS

MnGa/Mn2As/MnGa and MnGa/Mn2Sb/MnGa trilayers
with magneticspacer layers showed an oscillatory depe
dence of the interlayer exchange coupling strength on
spacer layer thickness, similar to multilayers with metall
nonmagnetic spacer layers. Theperiod of the oscillations is
not related to the ~bulk! long-range magnetic order of th
spacer layer material, whereas thestrengthof the coupling
does dependon the orientation of the easy axis of the spac
layer. The coupling is strong when the easy axis is collin
1844
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with the MnGa easy axis and weak when it is orthogon
These results agree qualitatively with Bruno’s quantum
terference theory for magnetic interlayer coupling in mu
layers withnonmagneticspacer layers and indicate that th
bulk long-range order of Mn2As and Mn2Sb is modified or
quenched in our ultrathin spacer layers. The magnetocry
line anisotropy, on the other hand, is a result of the lo
spin-orbit interaction and is not affected by the small lay
thickness. The reorientation of the moments in the spa
layer with respect to the MnGa easy axis changes the re
tion coefficients at the interfaces and modifies the interla
coupling strength.

MnGa/GaAs/MnGa trilayers with GaAs spacers witho
detectable Mn contamination still showed metalliclike b
havior, with an oscillatory dependence of the interlayer c
pling strength on the spacer layer thickness. This is attribu
to the poor crystal structure, where defects and excess
may create additional states in the forbidden gap. We c
clude that there is no allowed growth window that combin
the low Mn contamination of the GaAs spacer layer with
sufficiently high crystal quality to yield semiconductin
properties.

All samples showed a clear correlation between the m
netoresistance and interlayer coupling strength with one
versal proportionality ratio for all spacer layer materials. T
description by Barnaset al. predicts such a correlation fo
quantum-size effects in the magnetoresistance and interl
coupling, but it cannot readily explain the universal prop
tionality ratio we observe. Our frustration magnetoresista
model is a qualitative description that does not depend on
nature of the interlayer coupling or on the choice of spa
layer material. It naturally predicts an identical spacer la
thickness dependence for coupling and magnetoresista
and a universal proportionality coefficient for all spacer lay
materials.
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