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We have measured the composition dependence of the resistivity and Hall constants in Ni;_, P,

films prepared by the low-temperature implantation technique.

In the concentration range

0<x <0.28, the system goes from the crystalline (and ferromagnetic) to the amorphous (and
paramagnetic) state. A quantitative interpretation of our results is presented, based on previous
knowledge of the implanted system’s structural properties in the same composition range. This
analysis provides new information on the magnetism of amorphous clusters inside the crystalline

host.

L. INTRODUCTION

The widely studied Ni,_, P, alloy is one of the canon-
ical amorphous metal-metalloid systems.! Its conduc-
tion properties (resistivity and thermoelectric power)
have been determined? in a rather broad concentration
range (0.15<x <0.25). Resistivity results on samples
prepared via different techniques are in good overall
agreement.> They were interpreted in the frame of the
Faber-Ziman theory.?

The magnetic properties of this alloy have also re-
ceived considerable attention, because they exhibit a
transition from the ferromagnetic to the paramagnetic
regime as x increases from below to above about 0.18.!
The Curie temperature typically varies from 633 K in
pure Ni to 200 K for amorphous Ni, ¢sP,, |5, dropping to
50 K for Nigg,Pg5-*° The magnetization measure-
ments in the paramagnetic state (usually performed on
thick samples via the Faraday technique) nearly always
revealed the existence of magnetic inhomogeneities.

The purpose of this paper was to study the Ni, P,
alloy in a wider concentration range, 0 <x <0.28, where
it undergoes two different types of transitions: a
structural one from the crystalline to the amorphous
state, and a magnetic transition from the ferromagnetic
to the paramagnetic state.'! We have used the low-
temperature P-implantation technique in thin Ni films to
vary the P content continuously in the range 0 <x <0.28
and have thus established a definite correlation between
the microstructure of the alloy, determined in previous
work,%” and its resistive and magnetic properties.

Standard magnetic measurements such as the Faraday
method are difficult to set up in thin samples; hence, we
have used the Hall effect, a technique adapted to the in-
vestigation of magnetic properties in thin Ni, _, P, films,
as shown by the pioneering measurement performed by
Fléchon and Viard® on alloys with low x values
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(x =0.09 and 0.11). Here, the resistivity and Hall volt-
age have been measured in pure Ni and Ni,_ P, films in
the range 0 <x <0.28.

Our results are interpreted consistently in terms of the
structural modifications in implanted Ni,_,P, (Ref. 6)
in this concentration range. When the amorphous state
is reached, our measured transport properties are com-
parable to those of the corresponding alloy prepared by
other techniques.? In the paramagnetic state, magnetic
inhoxl'nogeneities have also been found, as in other sam-
ples.

II. THE IMPLANTED
Ni,_,P, MICROSTRUCTURE

The structural modifications under low-temperature P
implantation were studied in previous work via the
channeling technique® and transmission electron micros-
copy (TEM).” The main results are the following.
Below x ~0.08, the system is a random fcc alloy, with a
fairly high radiation damage level, Ni atoms being dis-
placed from their sites through ballistic collisions with
the incoming P ions. Above x =0.08, amorphization
takes place: locally the P concentration is high enough
to induce a transition between the crystalline state and
an amorphous one over a spatial range of several
angstroms. The average local minimum P concentration
required for the transition to take place is experimentally
determined as x,=0.12 and the average size of the
amorphous clusters is v, ~400 atomic volumes. For
each x value, the volume fraction a of the target in the
amorphous state is estimated from the backscattered He
particle yield. Its value against x is plotted in Fig. 1 for
a channeling experiment performed at 80 K.® At liquid-
helium temperature, TEM experiments’ have also shown
the existence of a threshold at x =0.08 for the amorphi-
zation process occurrence. As the resistivity of the
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FIG. 1. Amorphous volume fraction a for 80-K P implant-
ed in Ni. From Ref. 6.

amorphous phase is about 4 times higher than that of
the crystalline matrix—even when the lattice is
disordered—the presence of such amorphous clusters
affects the average resistive behavior. Above x=0.17,
the Ni,_,P, alloy is homogeneously amorphous. For
room-temperature P implantation, the amorphization
process is quite different and will not be of interest here.

II. EXPERIMENT

As the Hall voltage in Ni was proved to be thickness
dependent, we first checked our measurements against
those previously published.’ For this purpose, pure
polycrystalline Ni films of different thicknesses
(410-1950 A) were deposited by electron-gun evapora-
tion, in a vacuum of about 10~ torr, on quartz sub-
strates at room temperature. One Ni film (370 A) was
also deposited on a heated substrate (7, ~400°C) to
form larger grains (~400 A instead of ~100 A). The
Hall effect and residual resistivities were measured at 4.2
K, that is to say, well below the Curie temperature of
pure Ni, in a cryostat equipped with a superconducting
magnet delivering a magnetic field of 2 T.

In a second step, the Ni;_ P, system, prepared by P
implantation at 6 K, was studied for 0 <x <0.28. Four
Ni films, deposited on a quartz substrate, were mounted
in another He cryostat, equipped with a superconducting
magnet (4 T). This cryostat could be either coupled to
the Orsay implanter, IRMA, 9 or uncoupled from it via
a valve during the measurements. The samples are
moved vertically from the implantation position to the
position in the center of the magnet at a level 12.5 cm
higher. To solve the problem of a vertical motion while
keeping the samples at 4.2 K, the quartz substrate was
fixed on a Cu block held at the extremity of a small He
cryostat, moving through a channel inside the main He
tank and connected to the latter by a cold valve (see Fig.
2). Its aperture, easily controllable, allows rapid filling
or emptying of the inner cryostat, leading to fast temper-
ature cycling. A small liquid-He flow, obtained with the
cold valve slightly opened, acts as a cold source which,
when balanced by a hot source provided by a heater in-
side the Cu block, allows very precise temperature stabil-
ization in the range 1.3-80 K. The Cu block can also
be rotated in order to bring the samples in a parallel or
perpendicular magnetic field; good thermal contact is
kept during this motion via stranded copper connected
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to the inner cryostat. A horizontally mobile diaphragm
was positioned in front of the Cu block, with four win-
dows corresponding to dimensions of one, two, three, or
four samples. Combining the vertical motion of the
inner cryostat and the use of this diaphragm, any of the
four samples could be implanted together with one, two,
or three other neighboring films. The accuracy of the
measurement of the ion implantation fluence was es-
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FIG. 2. Scheme of the cryostat equipped with its supercon-
ducting magnet which can be coupled to the implanter. 1, vac-
uum; 2, liquid nitrogen; 3, liquid helium; 4, main liquid-He
tank; 5, small inner liquid-He tank; 6, Cu screen at liquid N,
temperature; 7, Cu screen at liquid-He temperature; 8, cold
valve for liquid-He flow; 9, spring capillary for liquid-He flow
from 4 to 5; 10, Cu block with a wired heater; 11, rotating
sample holder, thermalized by stranded Cu on 10; 12, dia-
phragm; 13, 4-T magnet; 14, turbomolecular pumping; 15,
valve for uncoupling the cryostat from the implanter; 16, ion
beam; 17, electrical feedthroughs and rotation control of the
sample; 18, electrical feedthroughs of the magnet and liquid-He
filling; 19, liquid-N, filling and cold valve control; 20, He
pumping; and 21, diaphragm control.
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timated to be 10%. A typical sequence of operation was
the following: cryostat connected to IRMA, samples in
the low-level position, P implantation with a different
fluence on each sample; cryostat decoupled, samples
moved up and rotated to be in a perpendicular magnetic
field, measurements on the four samples; cryostat cou-
pled again to IRMA, new implantation with four new
fluences; measurements, and so on.

Film thicknesses (550 and 800 A) and implantation en-
ergies were chosen (50-150 keV) in order to obtain rath-
er homogeneous alloys, taking into account the effect of
sputtering on the ion distribution profile. Typical P-
implanted fluences are about 10'7 jonscm~2. The P con-
centration was measured and the homogeneity of the P
distribution was checked in the four highly implanted
films after annealing up to 300 K, using the Rutherford
backscattering technique with the He beam delivered by
the implanter. At high concentrations, the P distribu-
tions are not affected by annealing up to room tempera-
ture.® The resistivity was measured at 4.2 K after each
implantation step and, using ac measurements, the Hall
voltage was followed against the magnetic induction at
4.2 K and in some cases at 80 K.

IV. HALL EFFECT IN Ni AND ITS ALLOYS
The Hall resistivity py is given by

where V; is the Hall voltage, ¢ the sample thickness,
and I the current. An experimental ¥y versus B curve,
obtained in a magnetic sample such as Ni (shown in Fig.
3 for x =0.0) can be described empirically by the follow-
ing formula in SI units, using the notation of Hurd:'!

pu=(RoB+RsM)p, , )

where M is the magnetization in A/m, pu, the vacuum
magnetic permeability, and B the applied induction in T.
The ordinary Hall coefficient R, expressed in m*/As,
accounts' for the Lorentz force acting on the electrons,
while Rg, the spontaneous Hall coefficient expressed in
the same units, is a characteristic contribution for mag-
netic materials. If B is written in terms of the internal
magnetic field H;, Eq. (2) becomes

B=(H;+NM)u, ,
pry=(RoH;+R M)u, with R,=R,+Rg ,

(3)

where R is the extraordinary Hall coefficient and N the
demagnetization factor, equal to unity in thin films.!?
For low B values, the slope at the origin of py versus B
is R,.'> When all the domains are aligned, the spin sat-
uration is reached, the magnetization is M, and the Hall
voltage is linear versus B with a slope R."!

In the low-field regime, the normal Hall coefficient R,
is equal to 1/n*e, in a free-electron model, where n* is
the effective number of charges per unit volume.!! In Ni,
R, is negative,'? indicating electronic conduction.

As shown by Hurd,!! the spontaneous Hall coefficient
R (negative in Ni) is
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FIG. 3. Hall voltage against the applied induction B mea-
sured on Ni;_, P, films for three x values: x =0, x =0.12, and
x =0.25. Note the different vertical scales.
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where o}’ only depends on the spin of the system and p,
is its residual resistivity.

Previous Hall-effect measurements on the thin Ni
films, performed by Le Bas,’ had revealed the existence
of an easy magnetization axis inducing a remanent mag-
netization vector in the absence of applied induction,
tilted at an angle to the film plane. This affects both the
initial slope of the Hall resistivity (the measured quanti-
ties R; and Rg become R} and Rg), and the saturation
magnetization (which is now By instead of My, Bg being
the projection of Mg on the applied field direction).
These film effects also depend on evaporation conditions
and subsequent annealing treatments.’

The magnitude of R, is affected by alloying at concen-
trations high enough to modify the band structure and
consequently the number of charges per unit volume.'*
Through py, Ry is strongly correlated to the disorder in
the sample, as experimentally shown in several cases.!*

In the paramagnetic state, which is reached for
x~0.18 in Ni,_,P,,! the Hall resistivity must be linear
with H:

py=(Ro+RXOH , (5)

where X is the magnetic susceptibility.!!

V. RESULTS

The values of R, R}, and Rg, equal to R| —R,, were
found to be negative, in Ni films whatever the P concen-
tration from O up to 0.28; hence, in the following we
have omitted the negative sign and only presented the
absolute values.

A. On pure Ni films

In agreement with the results of Le Bas,’ our mea-

sured average value of By is 0.48 T (the bulk value being
0.6 T). Our values of R} [typically (10.39£1.50)
x 10719 m3/As for 550 <t <1950 A] agree with those
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of Ref. 9. We also find an effect of crystallinity since
R (1=410 A)=46.27x 10" °m*/As, while R(t=370
A, heated substrate) =10.59% 10" m3/As. By con-
trast, R, does not vary with ¢ and its average value is
R,=(0.6840.05)x 107! m3/As, in agreement with
bulk values.” To obtain comparable values for R, the
thickness of our samples through the whole concentra-
tion range was chosen to be at least 500 A.

B. On P-implanted Ni films

In the range 0.04 <x <0.16, the Hall voltage qualita-
tively behaves as in pure Ni, with R, R, and Bg vary-
ing with x. For x =0.25 and 0.28 (Fig. 3), the Hall volt-
age indicates a strong modification of the magnetic char-
acter of the alloy. The quantities p;, Ry, and R are
plotted versus x in Fig. 4. Experimental uncertainties
arise mainly from the sample thickness determination
and from the Hall voltage slope measurement; p, is given
+10% and R, R}, Rg, and Bg are given +15%.

VI. INTERPRETATION

Consider Fig. 4. Around x ~0.08, both R, and p,
change their slopes, while above x ~0.18, R, and Rg
display decreasing values. We shall define three concen-
tration ranges: (i) x smaller than 0.08, (ii) an intermedi-
ate range 0.08 <x <0.17, and (iii) x larger than 0.17, in
strong correlation with the analysis of the structural
properties of Ni, _,P,, as mentioned above.® We discuss
the behavior of pg, R, and Ry inside each range.

A. Dilute crystalline Ni, _, P, alloys

In the 0 <x <0.08 range, the residual resistivity p, in-
creases due to disorder resulting from the presence of P
ions and of displaced Ni atoms. The roughly linear
slope is 2.10 uf) cm/at. %, that is to say, of the same or-
der of magnitude as the resistivity increase for B in Ni
(1.4 pOcm/at. % (Ref. 15)] and C in Ni [3.4
uQcm/at. % (Ref. 16)] when these impurities are intro-
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FIG. 4. Residual resistivities py, normal (R,) and extraordi-
nary (R}) Hall coefficients plotted vs x. For x >0.17, R,
values of Ref. 21 (solid stars) are also plotted for comparison.
Solid lines are to guide the eye. The dotted line is a calculated
variation (see text) for Rg in the range 0.08 <x <0.17.

duced in the matrix by quenching. This shows that the
electron scattering process is dominated by the
metalloid’s presence and not by the displaced Ni atoms.
The increase in p, directly affects the variation of Rg.
In Table I, Rg and p} are directly proportional up to
x ~0.06, with a ratio of 0.22 on the average. This is in
agreement with Eq. (4), provided that the factor o))’ is
kept constant: this implies that the magnetic properties
of the alloy are not modified, in line with the near con-
stancy of Bg values (see Table I). The constancy of R,

TABLE 1. Residual resistivities py, spontaneous Hall coefficients Rg, and magnetic induction at sat-

uration, B, for Ni; _, P, samples with 0 <x <0.28.
po(4.2 K) Bs Rs
Film (£ cm) (T) (10~ °m3/As) R /p}

pure Ni 6.8 0.42 11.18 0.24
pure Ni 6.8 0.48 9.62 0.21
pure Ni 6.18 0.50 8.16 0.21
pure Ni 6.43 0.45 9.38 0.23
Nio.06Po.04 15.39 0.44 53.26 0.22
Nio.04Po.06 19.34 0.37 79.84 0.21
Nio.01Po.0s 32.35 0.23 186.0 0.18
Nig g5Po.12 59.20 0.20 203.8 0.06
Nio.g4Po.16 87.74 0.12 116.3 0.02
Nio.g:Po. 15 104.8 0.15 23.15 0.02
Nig.75Po.2s 150.0 0.37 1.86

Nio.71Po.28 184.1 0.74 1.54
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suggests that, in this concentration range, our measure-
ment is not sensitive to band-structure modifications of
pure Ni due to P allowing.

B. The amorphous concentrated Ni, _, P, alloys

In the range x >0.17, the sample is completely amor-
phous. However, increasing the P concentration leads to
a resistivity increment, in agreement with previous resis-
tive studies.>>

The Hall voltage (see Fig. 3) no longer displays a clear
saturation of the magnetization. As in Ref. 17, we inter-
pret this variation as due to the coexistence of magnetic
and nonmagnetic regions in the sample. The Bg in-
crease, up to 0.74 T—higher than the value measured in
pure Ni—indicates that these moments are more
difficult to saturate, hence less coupled to each other.
The similarity of the Hall voltage at 4.2 and 80 K and
the presence of hysteresis are in line with magnetic inho-
mogeneities with a high Curie temperature. Magnetic
inhomogeneities,'® like superparamagnetic particles or
giant moment paramagnetic clusters,'® were also found
in Ni;_,P, or Ni-P-B alloys.?® Here the system is
metallurgically homogeneous, so the observed effect can
only be due to statistical Ni clustering with the corre-
sponding appearance of ferromagnetism.

From the linear part of the curve, for B values higher
than 1 T, we can deduce R plotted in Fig. 4 against x.
Note that the term RgX which appears in Eq. (5) is
about 3 orders of magnitude smaller than the measured
slope, hence negligible, if we use the value given in Ref.
20 and our Ry value of 25X 1071 m*/As. After an in-
crease from pure Ni to Niyg,Pg 5 R, decreases, a
surprising feature which has already been found.?! To
our knowledge, no band-structure calculations for these
concentrations are actually available to account for this
trend.

Between these two extreme ranges where our results
on transport properties agree with previous work, lies a
region where the amorphization process, well character-
ized when induced by implantation, takes place.

C. The amorphization region

In the 0.08 <x <0.17 range, there is a rather large R,
increase, while p, displays a higher linear slope, and Rg
a maximum value for x ~0.12. These three variations
have to be explained coherently using our knowledge of
the alloy microstructure, i.e., amorphous clusters embed-
ded in a disordered matrix.® The system is an inhomo-
geneous mixture, whose transport properties will depend
on the volume fraction a of amorphous clusters.

1. Residual resistivity and normal Hall effect

Attempts to provide a quantitative description of the
transport properties for heterogeneous media have been
developed since the pioneering works of Clausius-
Mossoti and Bruggeman.? The heterogeneous conductor
made up of entities with differing conducting properties
(insulating spheres in a metallic matrix, for example) is
approximated by an effective medium whose properties
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are calculated from a macroscopic point of view in the
following way. The effective conductivity is a function
of the conductivity of each medium (o, and o,) and of
the volume fraction a of one medium relative to the oth-
er. The geometry of the system must be taken into ac-
count: in the Bruggeman symmetric theory (BS), clusters
of conductivities o and o, are in contact with each oth-
er, while in the Bruggeman asymmetric calculation (BA),
spheres of conductivity o, are embedded in a medium
whose conductivity is 0. See the review given by Lan-
dauer.”> As discussed in the Appendix, we have ana-
lyzed our results in the framework of the BS model. In
this model, the effective medium theory of Ref. 24 pro-
vides us with an effective conductivity o = f o, where the
function f depends on the ratio of the component con-
ductivities and on the volume fraction a. The normal
Hall coefficient of the heterogeneous medium depends, in
a more complicated way, on the same two variables as
well as on the normal Hall coefficients of each com-
ponent (see the Appendix).

We have compared our resistive and normal Hall
coefficient data with theoretical calculations in the frame
of this theory. In our system, the a parameter is deter-
mined in a completely independent way by the channel-
ing experiments of Ref. 6. The resistivity p, and the
normal Hall coefficient Ry, of the medium surrounding
the amorphous clusters were taken as the resistivity and
normal Hall coefficient of the disordered matrix for
x=0.08. The resistivity p; and the normal Hall
coefficient R, of the amorphous clusters, taken for
x =0.17, are the resistivity and coefficient of the homo-
geneous amorphous system. Note that the electronic
mean free path, in amorphous alloys, is at most two or
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FIG. 5. Comparison between experimental values of p and
R, and those calculated from an effective medium theory.
Solid triangles at x =0.08 and 0.17 are values taken for p,, p,
and Ry, Ry,
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three interatomic distances, hence shorter than the di-
mension of the amorphous cluster (~400 atomic
volumes, hence ~ 7.5 interatomic distances); so it is pos-
sible to define a cluster resistivity. Figure 5 displays the
comparison between calculated p and R, plotted against
x and the experimental values. Taking into account the
experimental uncertainties and the fact that there are no
free parameters, the agreement is quite adequate.

2. Extraordinary Hall effect

Within the same picture of amorphous clusters embed-
ded in a disordered matrix, we can also interpret the R
behavior. Notice that for x >0.09, in Table I, the pro-
portionality between Rg and pd is no longer observed.
Guided by the fact that for x =0.17, Rg reaches a low
value, the simplest assumption is that the amorphous
clusters are nonmagnetic, while the rest of the matrix is
still magnetic. From Eq. (4), Rg is submitted to a com-
petition between an increase with x due to the p, in-
crease, and a decrease of oy’ due to the nonmagnetic
character of the amorphous clusters. The existence of
nonmagnetic amorphous clusters is also suggested by the
decrease of By in this composition range. As shown in
Table I, the proportionality coefficient in Eq. (4) is
K =0.21 for x <0.08. We assume (i) that, in this form,
Eq. (4) holds in the amorphization range and (ii) that the
spin-dependent term o' is due to the interaction be-
tween those Ni spins which are not in the amorphous
clusters. This leads to Rg=0.21p3(1—a)®. Values cal-
culated with these very crude assumptions are compared
(dotted curve) to the experimental ones in Fig. 4: rather
good agreement is found, giving some confidence in our
simple model.

It may be surprising that an average local P concen-
tration of 0.12 leads to nonmagnetic clusters, while it is
generally admitted that the ferromagnetic to paramag-
netic transition occurs for x ~0.18 in bulk samples.
Three explanations may be offered to account for these
discrepancies. The amorphization process, as deter-
mined in implanted alloys, could be a universal one;
hence, the magnetization which is measured in samples
prepared by other techniques, instead of coming from
the amorphous part of the sample, arises from remaining
Ni, _, P, crystallites, as in our case. But formation of
these amorphous clusters in thick quenched samples, for
example, could be particularly difficult to observe in the
concentration range where the magnetic measurements
are performed, typically around x =0. 15,! for which the
a value is already near one. Another possibility may be
that the reduction of Ni atoms in a cluster induces a de-
crease of the Curie temperature and spontaneous magne-
tization.?> Magnetic properties are also modified by
strain in Fe.?® Here, both dimensional effects due to the
small size of the amorphous clusters, and strain effects
because of the presence of these clusters in a nonamor-
phous matrix, can reduce the P concentration required
to induce the paramagnetic transition. Lastly, the re-
cently demonstrated®® difference in the density of states
at the Fermi level in implanted amorphous Ni,_ P, al-
loys could explain the difference in magnetic properties.
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VII. CONCLUSION

Our measurements of the transport properties in crys-
talline (x <0.08) and amorphous (x >0.17) P-implanted
Ni are in complete agreement with previous results on
the resistive and magnetic behavior found in the litera-
ture.

New data are presented concerning the intermediate
concentration range in which the amorphization process
takes place. Assuming the amorphization mechanism
derived from previous transmission electron microscopy’
and channeling experiments,® and taking the volume
fraction of amorphous clusters thus obtained experimen-
tally, we have established, for the first time, to our
knowledge, a direct correlation between the structural
and the electronic properties of this alloy. Since (i) the
resistivity is sensitive to disorder, (ii) the normal Hall
coefficient R, depends on the number of electrons per
unit volume, and (iii) the spontaneous Hall coefficient Rg
is sensitive to disorder and magnetic state of the sample,
the variation of these three quantities with composition
were quantitatively connected, without any free parame-
ter, to the amount of amorphous clusters.

Our measurements also bring new insight concerning
the amorphous clusters and the totally amorphous alloy.
We conclude that the clusters are nonmagnetic with a
number of electrons reduced by a factor of ~4, R, pass-
ing from 0.68 in pure Ni to 2.73%x 1071 m3/A's, which
requires further band-structure calculations to be ex-
plained. The paramagnetic transition in the clusters
occurs for x =0.12 instead of 0.18, as observed for bulk
samples. We have offered two reasons to account for
this discrepancy. While the totally amorphous alloy ap-
pears to be homogeneous in channeling experiments, the
Hall effect detects magnetic inhomogeneities, for
x >0.17, which may be due to statistical concentration
fluctuations. This is not a special feature of the implan-
tation technique, since it was observed in amorphous
NiP prepared by different procedures'®!® and in other
amorphous alloys.?

Lastly, this work shows the interest of the implanta-
tion technique as a way to study the physical properties
of a system during structural transformation processes,
due to the careful control of composition and disorder.

ACKNOWLEDGMENTS

We thank F. Réthoré and F. Lalu for their assistance
during the ion implantation experiments. We are also
grateful to P. Purer for his collaboration in the early
stages of the experiment.

APPENDIX

Calculations performed either with BA or BS theories,
using our experimental values of p, and p;, lead to o
versus a variations whose differences lie below a few per-
cent, i.e., of the order of the experimental uncertainty.
Although the amorphization process occurring in our
experimental situation is close to the asymmetric case,
we have thus used the BS model for which the conduc-
tivity and Hall constant are given in the literature?* by
the following expressions:



37 RELATION OF TRANSPORT PROPERTIES TO . ..

(7=f0'° N
f=0.25[y +(y*+81)>°],

where A is the ratio 0,/0. 7 is given by

y=2—A—3a(1—1),
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where a is the volume fraction of medium 1. The ordi-
nary Hall constant is given by

Qf+M*1—a)+(2f +1)az)
QRf+MH1—a)+2f +1)a
with az =R y;A2/R y.
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