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COLOSSAL PROXIMITY EFFECT IN A
SUPERCONDUCTING

TRIPLET SPIN VALVE BASED ON THE
HALF-METALLIC FERROMAGNET
CRrO,

Superconducting triplet spin valves (TSVs) built by using a 100 % spin polarized half-
metallic ferromagnet, such as CrO,, are extremely efficient. The application of out-of-
plane magnetic fields results in an a strong suppression of T., by well over a Kelvin.
The observed effect is an order of magnitude larger than previous studies on TSVs with
standard ferromagnets and is particularly important in view of the growing interest in
generating long range triplet supercurrents for dissipationless spintronics.
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5.1 Introduction

As discussed in Chap.1 and 2, ferromagnets can sustain supercurrents through the for-
mation of equal spin triplet Cooper pairs and the mechanism of odd-frequency pair-
ing. Since such pairs are not broken by the exchange energy of the ferromagnet, super-
conducting triplet correlations are long-ranged and spin-polarized, with promises for
superconducting spintronics devices [1-3]. In S/F hybrids the spin polarized triplet
correlations can be generated by converting Cooper pairs from the singlet to triplet
state via spin mixing and spin rotation at the S-F interface, which requires the pres-
ence of magnetic inhomogeneity [4-8]. Recently, it was shown that long range su-
percurrents could be engineered in S/F/S Josephson junctions by inserting an extra
ferromagnetic layer between the superconductor and the central F-layer [9-12], in the
configuration S/F;/F,/F;/S. Still, quantitative understanding of the conversion pro-
cess is mostly lacking since the spin activity of the interface is not a measurable pa-
rameter. Absolute values of the supercurrent are not easily predictable, which was il-
lustrated clearly in a recent work of Klose et al. [13], where supercurrents in a Co-based
Josephson junction could be increased more than an order of magnitude by manipu-
lating the magnetization directions of F; and F,. For acquiring such understanding, a
Josephson junction has the disadvantage that it contains two sets of interfaces, which
may not have the same amount of spin activity or even transparency. In this sense a
TSV, pictorially sketched in Fig.5.1a, is a simpler device. It can be thought of as half
of the Josephson junction, utilizing the same layer package S/F;/N/F,. The S-layer
is chosen not too thick, so that the drainage of Cooper pairs through triplet conver-
sion is reflected in the change of T; of the stack, F; is thin in order to take part in the
spin mixing, but not to break Cooper pairs, and F, is the drainage layer, which can
be infinitely thick. N is added to magnetically decouple the ferromagnetic layers. By
changing the relative magnetization directions of F; and F, the triplet pair genera-
tion is varied and thereby the amount of singlet pairs which is converted, making the
operation a field-controlled proximity effect (see Sec.2.3.2). When F; and F; are or-
thogonal, triplet generation is maximum and 7 should be minimum. Therefore, the
efficiency of a TSV can be gauged by the extent to which T; decreases.

There are several recent experimental results on TSVs, which use standard ferromag-
nets (Fe, Co, Ni) and their alloys as spin mixers and drainage layers [14-18]. In all
cases magnetic anisotropy or an antiferromagnetic pinning layer was used to reliably
control the relative magnetization directions, always in the plane of the films. The
maximum suppression of T, achieved in such devices ranged from 120 mK (for a thin
ballistic Co drainage layer) [15] to 20 mK (for diffusive TSVs) [14, 17, 18]. Our experi-
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Figure 5.1: Device structure and magnetic characterization. (a) Working principle of a Triplet
Spin Valve (TSV) with a half-metallic ferromagnet; the TSV is off (on) when the magnetizations
of F; and F» are collinear (non-collinear), with a maximum effect when they are orthogonal. (b)
Optical micrograph of a typical TSV where a MoGe(ds)/Ni(1.5 nm)/Cu (5 nm) trilayer bridge of
10 pm width was patterned on a 100 nm thin film of CrO». (c) Magnetization hysteresis loops for
CrO2 (100 nm) and a multilayer (Ni(1.5 nm)/Cu(10 nm));; /Ni(3 nm)/Cu(10 nm) measured with
the magnetic field perpendicular to the sample plane. The magnetization M is normalised on
the saturation magnetization Ms, which was 6.8 x 10° A/m for the CrO> film and 2.2 x 105 A/m
for the Cu/Ni multilayer.
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ments are different in two important aspects. One is the use of the half-metallic ferro-
magnet CrO, as the drainage layer. The other is that we vary the field from in-plane to
out-of-plane. Unlike in-plane rotation of the field, out-of-plane rotation changes the
critical field of the superconductor itself.

We therefore account for this by comparing our TSV with stacks where one of the F lay-
ers is absent, as well as with the simple S-layer. In this way we find that spin valve
effects are present up to fields of Tesla’s, and they are remarkably large, with a sup-
pression in T; as high as 1.6 Kin 0.5 T (see Sec.5.3.1). The origin of this significant
variation probably lies in the fact that CrO, is 100 % spin polarized and strongly sup-
ports triplet correlations. The triplet origin of the suppression in T; is confirmed by
the dependence of the TSV effect on the thickness of the mixer layer F;. The non-
monotonic behavior, presented in Sec.5.3.3, is indeed consistent with the model for
triplet generation, which we discuss in Sec.2.3.2. In our devices the TSV efficiency is
strongly determined by the interface transparency, in particular at the surface of CrO,
where spin accumulation effects can occur. This will be discussed in Sec.5.3.2.

5.2 Experimental details

Our TSV is made of amorphous Mo7¢Gesp, Ni, Cu and CrO; as the S, F;, N and F,
layers, respectively. For simplicity Mo7¢Gesp is called MoGe. An example of the
investigated device is shown in the optical micrograph presented in Fig.5.1b: it
consists of a 10 um-wide MoGe/Ni/Cu trilayer bridge deposited on top of a CrO; film.
Since CrO- is metastable at room temperature and atmospheric pressure, it cannot
be prepared with conventional sputtering or evaporation techniques. High quality
epitaxial CrO, thin films can be grown epitaxially by using chemical vapor deposition
(CVD). The substrate used is TiO, (100) because of its little lattice mismatch with CrO,,
only 3.79 % along the b-axis and 1.48 % along the c-axis [19]. Before the deposition
the substrate is pretreated with Hydrofluoric acid (HF) in order to enhance the strain
and therefore improve the quality of the film. The CVD process is done in a two-zone
furnace, which is sketched in Fig.5.2. In one zone the substrate is kept at 390 °C and
in the other zone the precursor (CrOs) is heated to 260 °C. The precursor vapor is
carried with O, gas (flow rate 100 sccm) to the substrate where it decomposes into
CrO; over a very narrow temperature range (390-400 °C). CrO, selectively grows on
TiO; in rectangular grains with the b-axis (010) and the c-axis (001) in plane. For
bulk samples, the easy axis is expected to be along c¢. More details about the growth
process and the properies of CrO, can be found in Ref. [21]. The MoGe/Ni/Cu trilayer
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Figure 5.2: Schematic of the two-zone furnace used for the chemical vapor deposition (CVD) of
CrO2. On the left the CrO3 precursor is at 260 °C while the TiO» substrate is heated to about
390 °C. The precursor vapor is carried with O gas to the substrate where it decomposes into
CrO». Adapted from Ref. [20].

bridge was deposited using sputtering and lift-off [22], aligned along the easy axis of
CrO,. Prior to the trilayer deposition, the top surface of CrO, was cleaned with an
Argon ion plasma to remove the thin insulating Cr,O3 barrier which is prone to form
at the end of the deposition process. Ar etching was performed in the sputter system
used to deposit the Cu/Ni/MoGe stack by reversing the polarity of the plasma, using
a pressure of 5 x 1073 mbar and an RF power of 150 Watt. In this geometry, similar to
the Josephson junction devices [12,22, 23], the current is confined to the bridge only
in the superconducting state. To characterize the magnetic properties of F , layers,
their hysteresis loops (magnetization M versus applied field H,) were measured using
SQUID magnetometry in the out-of-plane configuration. Instead of a single Ni layer
of 1.5 nm, we used a multilayer (Ni(1.5)/Cu(10))1;/Ni(3)/Cu(10) in order to boost the
signal (numbers in parentheses represent the thickness in nanometers). The data
are given in Fig.5.1c and show that in both layers the rotation of the magnetization
requires a field of order of a Tesla. For electrical measurements, devices were con-
nected in a 4-probe geometry to a PPMS chip holder, which was loaded on a special
rotator platform sample board for angle dependent magnetotransport measurements.

5.3 Results

5.3.1 Colossal triplet spin valve effect

For angle resolved magnetotransport measurements the magnetic field (H,) was
rotated in a plane normal to the sample. In this geometry, when 6 = 0° the
field is aligned with the current density (j), while 8 = 90° corresponds to the
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Figure 5.3: Colossal triplet spin valve effect. (a) Coordinate system used in angle de-
pendent magnetotransport measurements, showing the direction of the current j, the ap-
plied field H, and the angle 6 between them. (b) Spin valve effect in the two spin valves
MoGe(dg)/Ni(1.5 nm)/Cu(5 nm)/CrO2 (100 nm) with dg = 50 nm (TSV50a; left and middle), and
ds = 25 nm (TSV25a; right). Upper panels: resistive transitions for different 6 as indicated.
Lower panels: variation of § Tsge, = Ts09 (0°) - Ts09 (0) as a function of 6 at 0.25 T (TSV50a) and
0.5 T (TSV50a, TSV25a), where T5qq, is the temperature where the normal state resistance has
decreased by 50 %. Note that a peak appears in the transition curves for measurements at 6 = 0°.

out-of-plane applied field, as outlined in Fig.5.3a. Fig.5.3b (upper panels) shows
R(T)-curves at different angles of the magnetic field for two TSVs consisting of
MoGe(ds)/Ni(1.5)/Cu(5)/CrO,(100), with two different values of the MoGe thickness
i.e. ds=25nm (called TSV25al) and ds = 50 nm (called TSV50a), and for fixed mag-
netic fields of 0.25 T and 0.5 T. We extract an operational parameter Tsyy (for a dis-
cussion of this choice, see Appendix B) which is the temperature where the resistance
has decreased to 50% of the normal resistance value. The variation of Tsgy, with 6 is
called 6 T5pq = T50% (0°) -
the curves clearly exhibit a maximum when the field is normal to the plane. Further
points to note are: (i) the large values of the change, of about 550 mK and 650 mK for
TSV50a in 0.25 T and 0.5 T, respectively, and 750 mK for TSV25a in 0.5 T; (ii) the sig-
nificantly larger value of the normal state resistance for TSV25a; (iii) the sharp peak in

Ts50% (0). The lower panels show 6 T5¢% as function of 8, and

n this chapter, TSV25 always refers to a TSV with dg = 25 nm and TSV50 to a TSV with dg = 50 nm.
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resistance which in parallel field occurs at the onset of superconductivity and which
smears out and disappears when rotating the field.

In order to discuss the first point we have to put the data in perspective. The super-
conductor itself will show a Tsy () variation, because the transition in parallel field
is due to the onset of surface superconductivity, which is at a higher field (and tem-
perature if the field is fixed) than the transition in perpendicular critical field. The
change from surface to bulk effects also raises concerns about going from a vortex-
free configuration to one where vortex flow may play a role. These issues are re-
solved by a straightforward comparison with the behavior of a single MoGe layer, for
which we take a thickness of 50 nm. Stray fields of mixer and drainage layer may also
play a role, and therefore we compare with devices of MoGe(50)/Ni(1.5)/Cu(5) and
MoGe(50)/Cu(5)/Cr0O,(100), as well. Fig.5.4a shows the transition curves of these de-
vices at 0.25 T for in-plane (red squares) and out-of-plane (blue circles) configurations.
All have comparable § T5p%. In Fig.5.4b values of d Ty for the different data sets are
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Figure 5.4: Non-triplet-generating layer combinations.

(a)

Transition curves for

MoGe(50 nm)/Cu(5 nm)/CrO2(100 nm) (top), MoGe(50 nm)/Ni(1.5 nm)/Cu(5 nm) (mid-
dle), and MoGe(50 nm) (bottom panel) for 6 = 0° and 6 = 90° at 0.25 T. The top panel also shows
the results of the spin valve device TSV50a as drawn lines. (b) § Tgg, as function of 8 for these
layered devices and for TSV50a at 0.25 T. (c) Variation of T5g9, max = T50%(0°) - T50%(90°) as
function of applied field for MoGe(50) and TSV50b.
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compared, again at a field of 0.25 T. It can be clearly seen that the variation in the
TSV is significantly larger than in the other devices. Fig.5.4c shows the variation of
6 Ts50%,max = T50% (0°)-T50%(90°) as a function of the applied field for an isolated MoGe
film and a TSV with a 50 nm MoGe layer called TSV50b. In both cases 6 T5% max in-
creases monotonically with the magnetic field up to 2 T. The shaded area in Fig.5.4c
solely corresponds to the effect of triplet generation which can suppress 6 T50%,max by
as much as 800 mK. We find TSV effects over a wide range of magnetic fields. This was
not the case for previous TSVs measured in an in-plane configuration, where the max-
imum field of operation was limited to 0.2 —0.3 T [18]. Robust proximity effects were
also observed in CrO, based Josephson junctions [12,22,23] where critical currents in
various configurations were observed up to the Tesla range. Slightly puzzling is that
6 Ts0%,max continues to increase well above the fields where saturation of both mixer
and drainage layer have been achieved and both magnets are assumed to be collinear.
We believe that this may be caused by the presence of non-collinear magnetic mo-
ments pinned at the CrO, interface. Noting that the difference between the TSV and
the other stacks only lies in the insertion of an extra 1.5 nm layer of Ni, it seems rea-
sonable to conclude that, just as in the case of the Josephson junctions, the Ni layer is
instrumental in generating triplets. They are very efficiently drained by the CrO, layer
which leads to the observed large spin valve effects.

Turning to the larger value of the normal state resistance Ry of TSV25a, as we will
show in the next section, this can be used to probe the effects of the bare interface
transparency, which is a critical parameter in determining the strength of proximity
effect, and much studied in S/N and S/F hybrids [24, 25].

5.3.2 Interface transparency and spin accumulation

In our devices the transparency of the interface between the Cu/Ni/MoGe stack and
the CrO; film is controlled by the Argon etching of the CrO;, surface prior to the depo-
sition of the other layers. The etching is a critical step in the fabrication, due to the fact
that under-etching results in only partial removal of an unwanted Cr,O3 layer while
over-etching induces disorder at the surface of CrO,. Varying the Ar etching time al-
lows to vary the interface transparency in a systematic manner. The transparency has
a direct influence on the normal resistance of the device, which in essence consists
of a top N-layer (MoGe) of high resistance and a bottom F-layer (CrO,) of low resis-
tance, with an interface resistance Rp in between. With contacts on top, Rg is in series
with the low-resistance bottom layer and its measurable influence on Ry allows Ry to
be used as a parameter for the interface transparency. Fig.5.5 shows the R(T) transi-
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Figure 5.5: Resistive transitions for triplet spin valves TSV50 fabricated with various Ar etch
times. The temperature T is normalized using T5(g, the value where R has decreased to 50 %
of the normal state value. Etch times are 0 sec (T5g9, = 5.7 K, open square); 10 sec (T59o = 3.4 K,
filled star); 40 sec (T599, = 6.4 K, filled triangle); and 120 sec (T5¢% = 6.3 K, filled square).

tion curves on a logarithmic scale for R, of TSVs fabricated with different Ar etching
times. The temperature axis is normalized by the value of Tsyy for each curve. As
expected, the etching time has a nonmonotonic influence on the normal resistance
of a TSV. The TSV with no etching has a Ry value comparable to the one etched for
120 sec (overetching). Moreover, the value of 200 Q is very close to the resistance of
the MoGe/Cu/Ni bridge (measured to be 240 Q) showing that without etching the in-
terface resistance is very high, and the CrO, layer is effectively decoupled from the
MoGe/Cu/Ni stack. For intermediate etching times Ry decreases, with a minimum
value reached around 40 sec.

We take advantage of this by making different devices on the same CrO, film using
different etching times. For this the film is covered with resist, a lift-off structure is
written, the CrO, surface is etched for a certain amount of time, and the stack is de-
posited. This process is repeated with different etching times. Fig.5.6 depicts the ef-
fect of interface transparency on the performance of a TSV, characterized by 6 T5¢,. In
Fig.5.6 we plot 6 T50%,max against 1/Ry for the two sets of devices, TSV25 and TSV50,
measured in 0.5 T (blue triangles and green circles) and a set TSV50 measured in 0.25 T
(red squares). The devices TSV50a,b and TSV25a are plotted with special (open) sym-
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Figure 5.6: Dependence of TSV effect on interface transparency. Variation of T5gg max plotted
against the inverse of the normal state resistance Ry (interface transparancy), for spin valve
devices with different interfaces between the CrO» layer and the MoGe/Ni/Cu stack. Blue trian-
gles: TSV25 (dg = 25 nm), measured at 0.5 T; open symbol is TSV25a. Green circles (red squares):
TSV50 (ds = 50 nm), measured at 0.5 T (0.25 T). Symbols with + are device TSV50a, the open
green circle (red square) is TSV50b.

bols. The performance of all TSVs increases monotonically with decreasing Ry, that is
with increasing barrier transparency. Interface transparency also offers a natural ex-
planation for the fact that TSV25 devices with higher Ry exhibit an effect comparable
to the set TSV50. According to basic proximity effect theory, the thinner layer should
show a stronger effect upon Cooper pair depletion, but as can be seen in Fig.5.6, this
is counteracted by the lower interface transparency. In this respect it should also be
remarked that the set TSV50 is surprisingly efficient when taking into account that the
S-layer thickness is about ten times the superconducting coherence length g, which
for MoGe is about 5 nm [26]. This again appears to be a consequence of the 100 % spin
polarized ferromagnet.

Another striking feature in our results is the characteristic peak observed in several
transition curves. In Fig.5.3b the peak, present at a finite in-plane field, is broadened
and partially suppressed (or completely for TSV50a) when the field is rotated out-of-
plane. For most of the measured TSVs with ds = 50 nm the peak is not present at
zero field, but then gradually appears by increasing the field. An example is given in
Fig. 5.7a, for the structure TSV50a. For ds = 25 nm, instead, the peak is often ob-
served at zero field as well. This can be seen in Fig.5.7b, for TSV25-1.0 (1.0 indicates
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Figure 5.7: (a) Resistive transitions of a spin valve device TSV50a, for different val-
ues of the in-plane field between 0 T and 1 T. (b) Transition curves R(T) for a TSV
MoGe(25)/Ni(1.5)/Cu(5)/CrO2(100), at zero field (dot-dash line) and with a field of 0.5 T applied
in-plane (dashed line) or out-of-plane (full line); (c) R(T) curves for a TSV with the same char-
acteristics as in a), but with a much lower interface transparency. The dot-dash line is for the
measurement at zero field, dashed line for the measurement in-field (g Hy = 0.5 T, in-plane).
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dp, = 1.0 nm), where we show the transition curves at zero field and 0.5 T, both in-
plane and out-of-plane. The normal state resistance for this structure is about 2.4 Q.
Despite the observed trend, we cannot conclude that there is a connection between
superconductor thickness and presence of the peak at zero field. Fig.5.5, for instance,
shows a peak at zero field for a TSV with dg = 50 nm. In general, when present at zero
field, the peak is enhanced by the application of a magnetic field.

We believe that the peak is the result of spin accumulation, due to the normal reflec-
tion of equal spin triplet Cooper pairs at the half-metallic boundary. As pictorially
shown in Fig.5.8, we assume that m; = 0 singlets are converted into m; = 0 triplets
in the Ni/Cu sandwich, but that a triplet m; = 1 quantization axis is provided by the
misaligned moments, which could be called an F’ layer. When these m; = 1 triplets

MoGe Ni/Cu CrO, interface Bulk CrO,

Figure 5.8: Pictorial representation of the effect of an extra ferromagnetic layer F’ between the
mixer layer F; and the drainage layer F» on the generation of triplet pairs. The green arrows
represent magnetization directions of Fj ) (in plane); the blue arrow indicates a interface layer
F’ with magnetization direction out-of-plane.

encounter the CrO; bulk, they will partly be transmitted, but also partly reflected. The
latter may result in the breaking of the pair on the MoGe/Cu/Ni-side of the stack, re-
sulting in quasiparticles with the same spin. This spin accumulation raises the spin
chemical potential (Ap = pt — ) and results in additional spin contact resistance,
which manifests itself as the observed peak at the onset of the superconducting tran-
sition. Typically the spin accumulation at the S/F interface is quantified by excess
resistance, expressed as

P> (pl
AR=—— (p;d), 5.1)

where A is the area of the F/S junction, while P, p, and Iy, are the spin polarization,
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resistivity, and the spin diffusion length of the ferromagnet respectively [27]. This ex-
pression cannot be used to quantify AR for a half metal as it diverges for P = 1, but it is
clear that for half metals with P close to 1 the spin accumulation can be considerably
larger than in other ferromagnets.

Spin accumulation leads to excess resistance, but that accumulation would occur is
non-trivial. The zero-field state can be supposed to generate triplets since the domain
state of both ferromagnets can be considered as non-collinear. Applying an in-plane
field makes the F; ; magnetizations more collinear, but if the F’ magnetization has a
component perpendicular to the interface the triplet magnetization axis would indeed
be different from the bulk. This can explain the appearance (or the enhancement) of
the peak by increasing the field from zero a to a finite (in-plane) value. In the same
vein, the effect would be less for the out-of-plane configuration, in which F’ and F;
are becoming more collinear. For devices in which the interface transparency is lower,
the peak is not observed. This can be seen in the transitions of Fig.5.7c, for a TSV with
the same characteristics as in Fig.5.7b , but with a significantly lower interface trans-
parency, as signaled by the higher Ry value (about 36 Q). This is on the one hand be-
cause of the barrier hindering the proximity with CrO, and therefore the polarization,
on the other hand because the higher Ry value makes a contribution coming from the
spin accumulation less relevant. Theoretical modeling will be needed to investigate
the proposed model.

5.3.3 Spin mixer thickness dependence

In this section we present measurements performed on TSV25s with different Ni thick-
ness dp,, in order to study the dependence and to determine the optimum value. We
measured the resistive transition of the TSVs as a function of the temperature, with
the magnetic field (0.5 T) applied in-plane (8 = 0°) and out-of-plane (8 = 90°). For
simplicity we will call T5y% and 0 T50% max = T50%(0°)-T50% (90°) which have been de-
fined above, T, and 6 7.

In the left panel of Fig.5.9 we plot 6 T as a function of dg,: as predicted the TSV effi-
ciency shows a strongly non-monotonic behavior with a peak centered around 1.5 nm,
which confirms that to be the optimum thickness. For both dr, =0 nm and df, =3 nm,
for which no triplet generation is expected, the measured variation § T, = 350 mK pro-
vides us the magnitude of the triplet-independent effects. We showed that the inter-
face transparency between the CrO; film and the trilayer above is a crucial parameter
for the injection of the Cooper pairs into the CrO, and therefore for the TSV efficiency.
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Figure 5.9: (left panel) Dependence of the TSV efficiency, measured by 6 T50%, max = T50% (0°)-
T50%(90°) in a field of 0.5 T for TSV25s, as a function of the thickness of the mixer layer dp,
and (right panel) dependence of the TSV efficiency as a function of the interface transparency;,
measured by the reciprocal of the normal resistance 1/Ry, for different series of TSV25s, each
with a different dg, value. Dashed and dash-dot lines show the 6 T50% max value for the iso-
lated superconductor MoGe(25) and the trilayer MoGe(25)/Ni(1.5)/Cu(5), respectively. The full
symbols represent the points used for the plot in the left panel.



98 5 - COLOSSAL PROXIMITY EFFECT IN A TSV

For the TSVs of the left panel of Fig.5.9, the values of Ry are comparable but not fully
equal. For this reason, in order to isolate the effect of the variation of the Ni thick-
ness dependence we should compare structures with similar interface transparency,
an experimental parameter not controllable with high precision. Nonetheless the dif-
ferences amongst the TSVs do not change the qualitative behavior presented. This
becomes clear in the right panel of Fig.5.9, where the § T, of different series of TSVs is
plotted as function of the interface transparency. Each curve is a series with a different
Ni thickness, while the dashed and dash-dot horizontal lines show the T, variation for
a single MoGe(25) layer and a MoGe(25)/Ni(1.5)/Cu(5) trilayer, respectively. The full
symbols represent the points used for the plot in the left panel (series Ni(1.0) and Ni
(2.2) are not presented for clarity but are consistent with the general behavior). For
low transparencies (low 1/ Ry values) the leakage is suppressed and all the curves ap-
proximately converge to the value of the trilayer. Increasing the transparency results
in a growing TSV efficiency and the closer the Ni thickness is to the optimum value,
the stronger the effect. From the plot it is clear that the TSVs with df, = 1.5 nm are the
most efficient. This study, not only confirms that the optimum thickness value for the
Ni is around 1.5 nm, but also provides a further proof of the spin-triplet origin for the
large observed effect.

If we look at the evolution of the peak associated to spin accumulation as function
of dr, (Fig.5.10), we see that the height increases with decreasing the Ni thickness
(dashed, full and dash-dot line are for dr, = 1.0 nm, 1.5 nm and 2.2 nm, respectively).
The maximum height/Ry ratio is obtained for the trilayer without nickel (inset). The
same trend is observed for the peak at zero field. This is consistent with the spin ac-
cumulation mechanism described above: by increasing dr, we increase the amount
of pair-breaking inside the nickel layer so that less and less Cooper pairs reach the in-
terface with CrO,, decreasing the amount of accumulation. In a trilayer with no Ni
layer, triplets can be generated by the non-collinearity between F’ and F,, or simply
by the misaligned magnetic moments of the domains of CrO,, as proposed by pre-
vious works [22, 23]. This explains why a peak can be observed also for a trilayer
MoGe/Cu/CrO,, both at zero field and in-field (see inset of Fig.5.10). The properies
of F’, as well as the interface transparency, are parameters not perfectly controllable.
This justify the different behaviors observed for different samples, with regard to peak
height or peak evolution from zero field to in-field measurements. In order to achieve
amore clear picture about the spin accumulation mechanism further experiments are
needed.
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Figure 5.10: Spin accumulation peaks at the onset of the R vs T transition in an out-of-plane
field of 0.5 T for TSVs with different Ni layer thickness: 1.0 nm (dashed line), 1.5 nm (full line)
and 2.2 nm (dot-dash line). The inset shows the transitions at zero field (dot-dash line) and
in-field out-of-plane (full line) for the trilayer MoGe(25)/Cu(5)/CrO2(100), with no nickel.
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5.4 Conclusions

To summarize, we demonstrated a triplet spin valve using a 100 % spin polarized fer-
romagnet. By changing the field from in-plane to out-of-plane we found very large
effects occurring up to magnetic fields of 2 T. The triplet nature of the observed effect
is confirmed by the non-monotonic dependence of the TSV efficiency on the thick-
ness of the mixer layer. We also showed that the interface transparency between the
bulk magnet and the triplet-generating stack has a decided effect on the efficiency of
the TSV. Finally, a characteristic peak in the transition curve of the TSV with the field in
plane was explained in terms of spin accumulation caused by equal-spin Cooper pair
breaking. We suggest that TSV’s, in particular those based on half metals, are good
model systems for a systematic study of the parameters which are relevant for triplet
generation. We believe that this work will motivate the development of much needed
theoretical formalism of TSVs based on half metals'.

liAfter publishing this work [28] a theoretical study on half-metallic TSVs was published by Mironov and
Buzdin [29].
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