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Abstract

The effects of strain on the ordered L1o and L1, phases of PtxNi1x (x=0.25, 0.5, and 0.75) have
been investigated using both scalar and vector relativistic density functional theory (DFT).
The spin orbit correction (SOC) orders the local magnetic moment vector along I'R (T'A)
diagonal of the L1, (L1o) phases. Applying tensile (compressive) strain to each phase causes
the local magnetic moment of the crystal to increase (decrease). The SOC component of the
local magnetic moment is independent of the stress applied to the crystal.
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1. Introduction

Transition metal alloys have been widely seen to form solid solutions which develop
magnetically under the influence of composition, temperature, and pressure. A series of subtle
interactions control this behaviour, and the nature of these interactions is a subject of current
interest. Structurally [1] these materials can appear as substitutionally disordered phases, or as
an ordered phase, and can undergo a transition between structural phases with changes in
temperature, pressure or stoichiometry. The magnetic character of the system can also be seen
to undergo a phase transition during changes in these parameters and can either proceed
alongside a structural phase transition or in lieu of structural change.

The Pt-based bimetallic alloys are chemically ordered below an order-disorder transition
temperature. The ordered Ni-Pt [2-3] and Co-Pt [4] alloys have either an L1o (P4/mmm)

structure (CuAu type) or an L1 (Pmém} structure (CusAu type) depending on the

stoichiometry. These ordered systems disorder above order-disorder transition temperature; in
the disordered system, the components of the alloy are randomly distributed on FCC lattice
sites. Thermal hysteresis of 50K has been observed around am order-disorder transition
temperature of 913K [5] with the L1, structure tending to demonstrate a higher degree of
chemical ordering.

The local magnetic moment of the Ni atoms are sensitive to the concentration within the alloy
and to the presence of local order. Estimates of the moment are further sensitive to the type of
estimation performed — density functional theory (DFT) estimates of the Ni magnetic moment
[6, 7-8] lie in the region of approximately 0.2-0.6pg whereas the Pt moment lies in the region
of approximately 0.1-0.2/0.3us. The variance in these quantities is predominantly due to the
concentration of Ni and Pt. For simulations of the NisPt L1, structure the larger values of the
Ni moment are seen, approaching the pure Ni value of 0.616ps [7]. The Ni moment becomes
progressively smaller as the Ni concentration becomes less and the NiPt L1, and the NisPt L1
structures are simulated. A second source of variance is the type of functional used with LDA
estimates of the exchange-correlation tending to estimate moments that are approximately
0.1pus lower than the corresponding GGA estimates. GGA estimates of the local magnetic
moment are seen to be closer to the experimental values than their LDA counterparts [6] with
relativistic terms [7] improving the agreement. For these reasons the GGA is used exclusively
in the current work.

So far, only the behaviour of the unstrained alloy has been considered. However, the
importance of strain engineering with metallic systems is becoming widely recognised; in these
investigations, the system is loaded with either tensile or compressive strains in order to effect
changes in the nature of the system. Mechanisms to effect strain particularly on surfaces are
developing, and one mechanism is used when pure metal layers form on alloy surfaces. In these
circumstances, the lattice mismatch between the metal and alloy produces either a compressive
or a tensile force in the surface layer. A widely recognised example of this is PtsNi(111) [9-11]
which is 10-times more active in the oxygen reduction reaction (ORR) than Pt(111). Pure Pt
overlayers form on this surface and over a series of similarly low Miller index surfaces [12-



14]. The formation of these overlayers is not unique to Pt-Ni alloys and are seen across a range
of bimetallic alloy surfaces [15].

However, the mechanism by which the surface reactivity changes for phase separated alloys is
not clearly understood. Recent studies of the ideally bulk-terminated and Pt-terminated PtsNi
surfaces [16] have discussed changes in the magnetic character of atoms and the electronic
structure at the surface. More recent studies have investigated the effect of strain on the binding
of hydrogen on pure Pt [17] and across a large range of pure, un-alloyed transition metal
surfaces [18]. The results have shown that as the for strains of up 2% surface adsorbed H
undergoes a structural transformation on Pt [17], Pd and Ir [18] surfaces, and similarly
undergoes structural transformations on other Fe, Rh, Ag and Os surfaces for larger strains [18].
The electronic state of the H atoms in these systems undergo significant changes during these
structural transformations; this state is clearly then tuneable and directly involved in the
reactivity of the surface particularly during H-bearing reactions such as the ORR.

A satisfactory understanding of the strained and unstrained bulk Pt-Ni alloy is a necessary
precursor to studies of the surfaces. In addition, strain engineering of bulk magnets is a useful
probe of the magnetic character of the system. Magnetism arises because of competition
between the exchange mechanisms within the crystal and the motion of atoms. Deliberately
deforming the crystal will cause the system to respond in a way that is controlled by and
symptomatic of these mechanisms. Studies of the effect of volume changes on bcc Ni, fcc Co,
bce V and fce Fe [19] have shown that non-magnetic/magnetic phase transitions occur in these
systems and that the local magnetic moment curve may be simply modelled using a Landau
energy expansion. Complementary experimental studies of both the pure [20] and
hydrogenated [21] Fe, Ni and Co systems have explore the behaviour of the ferromagnetic state
under pressure and have identified a distinct structural dependence of the state as well as its
mediation by hydrogenation. Studies of the CeNis system [22] have used the Crystal Orbital
Overlap Population (COOP) to develop an understanding of the mechanisms controlling the
system response to strain as well as determining the response itself. Using this analysis it was
shown that the Ce 4f and Ni 3d states carry the magnetic moment of the system and that Ce 4f
moment is relatively insensitive to strain compared to the response of the Ni 3d moment. The
study also showed that a significant strain-dependent interaction exists between Ce 6s—Ni 4s
states which are delocalised and non-magnetic in character, and a weaker sect of interactions
exist indicating competition localised and delocalised mechanisms exist in the crystal.

The current work will investigate the local magnetic moment of the bulk PtaNi, PtNi and PtNis
phases using both scalar and vector relativistic density functional theory (DFT) and will, in
part, clarify the role played by the spin-orbit correction (SOC) when the crystals are in
equilibrium (zero strain) and when the crystals are subject to both compressive and tensile
strain. The work is structured in the following way: in section 2 the Computational Details are
presented, then in section 3 the computational results for each phase are presented and
discussed in turn. Section 4 will then summarise and discuss the main findings of the work.



2. Computational Details

The plane-wave density functional theory (DFT) simulations presented in this work were
performed using the Quantum Espresso package [23]. Brillouin zone sampling was performed
using a first-order Methfessel-Paxton smearing of 0.02 Ry [24]. Scalar and vector relativistic
ultra-soft pseudopotentials with non-linear core corrections were used [25-26] together wave-
function Kkinetic energy cut-off of 75 Ry and a charge density/potential kinetic energy cut-off
of 900 Ry. Both collinear and non-collinear spin-polarised simulations were performed in the
current work. Vector (scalar) relativistic pseudopotentials were used exclusively for the non-
collinear (collinear) simulations. In order to ensure that the magnetic lowest energy state was
determined during the self-consistent cycle of the non-collinear simulations the polar and
azimuthal angles were stepped in increments of n/4 through ranges of [0,2x] for each non-
collinear simulation and the simulation was restarted for each initial orientation.

Fig. 1 shows the structural models for the PtsNi, PtNiz and PtNi systems. Table 1 summarises
the structural parameters determined for these systems. To ensure convergence, the determined
structural parameters presented in Table 1 were compared with parameters obtained from
simulations using a wave-function kinetic energy cut-off and a charge density/potential kinetic
energy cut-off of 100 Ry and 1200 Ry, respectively, and no significant difference was noticed.
The results in Table 1 indicate that the structural parameters are significantly improved when
compared to the experimental values by the inclusion of semi-core states and this improvement
generally continued with the inclusion of an f semi-core state to the Pt pseudopotential. The
Brillouin zone sampling was performed on a sequence of (6x6x6), (8x8x8), (10x10x10),
(12x12x12), (14x14x14), (16x16x16), (18%x18%18), and (20x20x20) grids. Convergence was
identified with a sampling between (12x12x12) and (14x14x14). A Brillouin zone sampling
of (20x20x20) was used for all the results presented in this work.

Lattice strain € was defined as

s:[as_ajx100% (1)

The strained and equilibrium (zero strain) lattice constants are as and a, respectively. The range
of € was £5% was decided to be comparable with the lattice mismatch between the Pt-Ni alloys
and pure Pt and Ni metals. For the L1, simulations the ratio c/a was not changed during strain;
consequently, the strained and equilibrium [001] lattice constants, cs and ¢ respectively, were
related by
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3. Results and Discussion

Fig. 2 shows the local magnetic moment p of each of the Pt d and Ni d states in the PtaNi, PtNi
and PtNis alloys under strain €. The local magnetic moment of the each of the Pt and Ni d states
increases with € and are ferromagnetically ordered at €=0. These increases are approximately
linear for the L1> phases and for the tensile (¢>0) L1o phases; for the compressively strained
L1o the increases are non-linear. The local magnetic moment was evaluated for both non-
collinear and collinear spin polarisation. The curvatures of the two sets of curves are seen to be
very similar. The most significant difference between the non-collinear and collinear
simulations are that the curves are offset from one another suggesting that the most significant
difference between the two sets of simulations is a local magnetic moment which remains
constant under strain.

The local magnetic moment was seen to only exist in the Pt and Ni d states for all €. To
investigate the mechanism which drives these changes a population analysis of all of the Ni
and Pt states was performed. This analysis will be summarised now though is presented in full
in the Supplementary Table S1. The fractional change in the occupation of each of the Pt and
Ni s, p and d states are 0.2-0.5% under strain. These fractional changes were seen to be
comparable for simulations which used Pt (spf) Ni (sp) and Pt (sp) Ni (sp) semi-core states,
when compared with simulations that did not use semi-core states. Consequently, because the
Pt (spf) simulations required more computation time but did not yield significantly more
precise results compare to the Pt (sp) simulations, all subsequent calculations were performed
using pseudopotentials that have Pt (sp) Ni (Sp) semi-core states.

The fractional changes in the occupation of each of the Pt and Ni s, p and d states during strain
are insufficient to explain the changes in local magnetic moment seen in Fig. 2. Consequently
transitions between d sub-orbitals must be responsible. This assertion is quantified in Fig. 3 for
the non-collinear case. Fig. 3 shows the variance v in the occupation of the of the non-collinear
mj components Ni and Pt d states for each of the alloys under strain €. As the variance increases
then the differences in occupations of the non-collinear m; components changes which results
in a magnetic moment. The variances are greatest for the Ni d states which is consistent with
Fig. 2 which shows that the greater magnetic moment is carried by the Ni d states compared to
the Pt d states.

Fig. 4 shows the band structures of the PtaNi, PtNi and PtNi3 alloys under equilibrium (g =0%)
and under the extremes of strain considered in the current work (e=+£5%). The band structures
were calculated using non-collinear spin polarisation. For each alloy the band structures show
a narrowing as the strain becomes increasing tensile and markedly a sequence of horizontal
states in the 'R [29] interval of the L1, dispersions, the XM interval of the PtNis dispersion
and around the I" point in the L1o dispersion.

The total spin polarisation S(k,E) was defined as

S(k,E)=4/S(k,E)+S2(k,E)+S2(k,E) ?3)



S1, Sz, and Sz are the expectation values of the o1, 62 and o3 Pauli spin operators, respectively.
Sk(k) was defined by

Sc(k)=[s(k E}E (4)

The Sk(K) are shown in Fig. 4. It can be seen that the Sk(k) are dispersed throughout k-space,
both along components which lie in the {001} portions of the space and those that lie along the
diagonal I'R sections. Considering the components of Sk(k), the S1 and S, were generally zero
and Sk(k) was defined by S3. The S; and S, were non-zero along the I'R diagonal of all alloys
and along the T'A diagonal of the L1o PtNi phase. Additional regions satisfying S1=0 and S»#0
along the XA direction and S170 and S>=0 along the I'A direction of the L1o PtNi alloy.

It has already been shown that the variation in magnetism under strain is predominantly
independent of whether spin-orbit corrected (vector relativistic) non-collinear spin polarisation
or scalar relativistic collinear simulations should be used. Consequently the directional
component observed in the band structure analysis may be anticipated to have little effect on
the local magnetic moment. However the effect of strain on the directional component cannot
be inferred from this observation. So, to investigate the stability of these directional
components under strain Fig. 5 shows the correlation between the S; for alloys under strains of
e=+5% with the alloy at equilibrium (e=0%). Each panel in Fig. 5 shows a black line with unit
gradient. If Sy is entirely unaffected by ¢ then the data in panel will lie along this line. The
deviation of the data from this line is a measure of the effect of € on S1. The red line is a best
fit straight line through the data of each panel. It can be see that, for the L1, alloys, when the
ordinate is S, |._ ., (S, |._.s )that the slope of the red line is greater than (less than) zero. This

shows that, very generally, the magnitude of Si increases (decreases) under compressive
(tensile) for the L1> alloys. The situation is more complicated for the L1o PtNi alloy where the
correlation between strained and unstrained Sy is lower than for the L1, alloys and consequently
the linear analysis is less likely to be a reliable metric.

4. Conclusions

The current work has investigated the local magnetic moment of the ordered L1o and L1,
phases of PtsNi, PtNi and PtNiz using both scalar and vector relativistic density functional
theory (DFT). The scalar and vector relativistic simulations were performed using collinear
and non-collinear spin, respectively. The effect of straining each alloy is to decrease or increase
the magnetism of the alloy depending whether the strain is either compressive or tensile,
respectively. Analysing the charge populations of each alloy when strain is applied shows that
the Ni and Pt d orbitals are magnetised whereas all the other orbitals are non-magnetic. For
non-collinear simulations, the change in local magnetic moment is accompanied by charge



transfer between sub-shells of m;. However, the total occupation of each total angular
momentum j subshell remains constant.

Comparing the band structures of each alloy under strain (e=+5%) and at equilibrium (e=0%)
shows that the band structures become narrower as the strain becomes increasingly tensile. The
vector-relativistic non-collinear simulations have shown that a directional component of local
magnetic moment lies along the 'R and I'A diagonals of the L1 and L1, phases, respectively.
This directionality doesn't significantly affect the behaviour of the local magnetic moment of
the entire unit cell under strain but the magnitude of the directional component is affected by
strain.
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Table 1. Summary of the structural parameters of the PtsNi (L12), PtNi (L1o) and PtNis (L12)
systems. The results in these tables were determined under equilibrium conditions where the
strain was zero, and for both scalar- and vector-relativistic pseudopotentials. C denotes
collinear (scalar relativistic) and NC non-collinear (vector relativistic).

Structure | Pseudopotential a(A) c(A)
semi-core states
C NC Exptl C NC Exptl
PtNi - 3.854 | 3.854 | 3.814[27] | 3.634 | 3.627 | 3.533[28]
Pt (sp) Ni (sp) 3.830 | 3.831 3.616 | 3.586
Pt (spf) Ni (sp) 3.824 | 3.824 3.614 | 3.579
PtsNi - 3.886 | 3.887 | 3.836[27]
Pt (sp) Ni (sp) 3.869 | 3.868
Pt (spf) Ni (sp) 3.860 | 3.860
PtNi3 - 3.660 | 3.660 | 3.645[27]
Pt (sp) Ni (sp) 3.634 | 3.634
Pt (spf) Ni (sp) 3.630 | 3.630




Fig. 1. Models of the (a-b) PtaNi (L12) and (c-d) PtNi (L1o) unit cells. In both sets of figures
the large white/light grey (small dark grey) circles denote Pt (Ni) atoms. In (a-b) the large grey
circles are Pt atoms which are co-planar in (001) with Ni atoms whereas the large white circles
are Pt atoms which are shifted by half a lattice spacing from the Ni atoms along the [001]
direction. The PtNis unit cell is obtained by replacing each Pt (Ni) atom with Ni (Pt) in the
PtaNi.
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Fig. 2. Local magnetic moment pu of the (a) Ni d, and (b) Pt d states, versus strain € for each of
the PtaNi, PtNi and PtNis alloys, The black (grey) lines are from non-collinear (collinear)
simulations.
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Fig. 3. Variance v in the occupation of the of the non-collinear mj components Ni and Pt d
states for the (a) PtsNi, (b) PtNi, and (c) PtNis alloys under strain &.
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Fig. 4. Band structure and the k-resolved total spin polarisation Sk for the (a) PtsNi, (b) PtNi,
and (c) PtNiz alloys under tensile (e=+5%), zero (e=0%), and compressive (e=-5%) strain.
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Fig. 5. Stability of Sy, the expectation value of the 61 spin operator, under compressive (e=-5%)
and tensile (e=+5%) strain compared to the expectation value under zero (€=0%) for the PtaNi,
PtNi and PtNis alloys. The black line has unit gradient; the line of best fit through the data is
shown in red and is intended as a guide for the eye.
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Table S1. Tabulated charge populations for the (a) PtsNi, (b) PtNi, and (c) PtNis alloys. qo IS
the occupation of the state when the strain € = 0% and 6q is the change in occupation of the
state when then strain € # 0%. C and NC denote collinear and non-collinear simulations,
respectively.

(a)

PtsNi | Pseudopotential Qo (States) dq (states) dq (states)

semi-core states e=0% e=+5% e=-5%
C NC C NC C NC

Pt - 9.9831| 9.9831| 0.0328 | 0.0294| -0.0405| -0.0373
Pt (sp) Ni (sp) 17.8647 | 17.8454| 0.0317 | 0.0287| -0.0271| -0.0240
Pt (spf) Ni (sp) 31.8635 | 31.8445| 0.0317| 0.0280| -0.0262| -0.0233

Pts - 0.4012 | 0.4011| 0.0067 | 0.0094| -0.0050 | -0.0080
Pt (sp) Ni (sp) 3.0205 | 3.0248| 0.0066 | 0.0093]| -0.0129 | -0.0149
Pt (spf) Ni (sp) 3.0203 | 3.0244| 0.0069 | 0.0097| -0.0134| -0.0151

Ptp - 0.8967 | 0.9314| -0.0035| -0.0053| -0.0184 | -0.0150
Pt (sp) Ni (sp) 59979 | 5.9978| 0.0005| 0.0005| -0.0008 | -0.0008
Pt (spf) Ni (sp) 59979 | 5.9977| 0.0005| 0.0006| -0.0008 | -0.0008

Ptd - 8.6852 | 8.6506| 0.0296 | 0.0253] -0.0170| -0.0144
Pt (sp) Ni (sp) 8.8464 | 8.8229| 0.0245| 0.0187| -0.0135| -0.0083
Pt (spf) Ni (sp) 8.8456 | 8.8225| 0.0241| 0.0178| -0.0121| -0.0073

Ni - 9.9891 | 9.9850| -0.0807 | -0.0696| 0.0939| 0.0821
Pt (sp) Ni (sp) 17.6205 | 17.6410| -0.0506 | -0.0451| 0.0607 | 0.0551
Pt (spf) Ni (sp) 17.6240 | 17.6439| -0.0522 | -0.0458| 0.0606 | 0.0552

Nis |- 0.3104 | 0.3081| -0.0015| 0.0005| 0.0041| 0.0018
Pt (sp) Ni (sp) 2.8532 | 2.8578| -0.0057 | -0.0023| -0.0007 | -0.0031
Pt (spf) Ni (sp) 2.8533| 2.8578| -0.0053 | -0.0020| -0.0012 | -0.0034

Nip |- 1.0235| 1.0113| -0.0462 | -0.0396| 0.0405| 0.0334
Pt (sp) Ni (sp) 59995| 5.9995| 0.0001| 0.0001]| -0.0002 | -0.0002
Pt (spf) Ni (sp) 59995| 5.9995| 0.0001| 0.0001| -0.0002 | -0.0002

Nid |- 8.6552 | 8.6656 | -0.0329 | -0.0305| 0.0494 | 0.0469
Pt (sp) Ni (sp) 8.7679 | 8.7837| -0.0451| -0.0430| 0.0615| 0.0584
Pt (spf) Ni (sp) 8.7711| 8.7865| -0.0469 | -0.0438| 0.0621| 0.0589




(b)

PtNi | Pseudopotential Qo (States) dq (states) dq (states)
semi-core states e=0% e=+5% =-5%
C NC C NC C NC
Pt - 9.9656 | 9.9666| 0.0640 | 0.0585| -0.0828 | -0.0698
Pt (sp) Ni (sp) 17.9396 | 17.9096| 0.0398 | 0.0389| -0.0548 | -0.0563
Pt (spf) Ni (sp) 31.9385| 31.9080| 0.0395| 0.0391| -0.0561| -0.0558
Pts - 0.4071| 0.4081| 0.0119| 0.0135] -0.0093 | -0.0116
Pt (sp) Ni (sp) 3.0487 | 3.0508| 0.0120| 0.0142] -0.0186| -0.0195
Pt (spf) Ni (sp) 3.0485| 3.0503| 0.0121| 0.0144] -0.0188 | -0.0196
Ptp - 0.8785| 0.9179| 0.0119| 0.0073| -0.0232| -0.0170
Pt (sp) Ni (sp) 59971 | 5.9970| 0.0008 | 0.0008| -0.0010| -0.0010
Pt (spf) Ni (sp) 59971 | 5.9969| 0.0008 | 0.0008| -0.0010| -0.0010
Ptd - 8.6800 | 8.6407| 0.0403| 0.0376| -0.0503 | -0.0413
Pt (sp) Ni (sp) 8.8937 | 8.8618| 0.0271| 0.0239| -0.0352 | -0.0358
Pt (spf) Ni (sp) 8.8931| 8.8610| 0.0266 | 0.0238| -0.0363 | -0.0352
Ni - 9.9980 | 9.9956 | -0.0557 | -0.0498| 0.0711| 0.0576
Pt (sp) Ni (sp) 17.6553 | 17.6717| -0.0253 | -0.0260| 0.0507 | 0.0534
Pt (spf) Ni (sp) 17.6566 | 17.6735| -0.0256 | -0.0269| 0.0527 | 0.0535
Nis |- 0.3285| 0.3250| 0.0021| 0.0038] -0.0031| -0.0044
Pt (sp) Ni (sp) 2.8961 | 2.8979| 0.0055| 0.0074]| -0.0126 | -0.0130
Pt (spf) Ni (sp) 2.8958 | 2.8975| 0.0057 | 0.0076| -0.0128 | -0.0129
Nip |- 1.0330 | 1.0247| -0.0384 | -0.0329| 0.0258 | 0.0218
Pt (sp) Ni (sp) 59993 | 5.9993| 0.0002 | 0.0002| -0.0002 | -0.0002
Pt (spf) Ni (sp) 59993 | 5.9993| 0.0002 | 0.0002| -0.0002 | -0.0002
Nid |- 8.6365| 8.6458| -0.0195| -0.0206| 0.0485| 0.0402
Pt (sp) Ni (sp) 8.7599 | 8.7745| -0.0310| -0.0336| 0.0635| 0.0667
Pt (spf) Ni (sp) 8.7614 | 8.7766 | -0.0314 | -0.0345]| 0.0658 | 0.0667




(©)

PtNis | Pseudopotential Qo (States) dq (states) dq (states)
semi-core states e=0% e=+5% =-5%
C NC C NC C NC
Pt - 9.9329 | 9.9442| 0.0891| 0.0785| -0.0927 | -0.0841
Pt (sp) Ni (sp) 18.0136 | 17.9813| 0.0424 | 0.0435] -0.0556 | -0.0537
Pt (spf) Ni (sp) 32.0118 | 31.9801| 0.0437| 0.0431| -0.0541| -0.0543
Pts - 0.4121 | 0.4150| 0.0175| 0.0183] -0.0153| -0.0160
Pt (sp) Ni (sp) 3.0866 | 3.0912| 0.0140| 0.0159]| -0.0204 | -0.0219
Pt (spf) Ni (sp) 3.0864 | 3.0909| 0.0142| 0.0159]| -0.0205| -0.0219
Ptp - 0.8633 | 0.9075| 0.0215| 0.0147] -0.0267 | -0.0177
Pt (sp) Ni (sp) 59963 | 5.9961| 0.0009| 0.0010| -0.0013 | -0.0013
Pt (spf) Ni (sp) 59962 | 5.9961| 0.0010| 0.0010| -0.0012 | -0.0013
Ptd - 8.6574 | 8.6217| 0.0502 | 0.0455] -0.0506 | -0.0504
Pt (sp) Ni (sp) 8.9307 | 8.8940| 0.0275| 0.0266| -0.0338 | -0.0306
Pt (spf) Ni (sp) 8.9294 | 8.8933| 0.0284 | 0.0261| -0.0323 | -0.0310
Ni - 9.9963 | 9.9922| -0.0260 | -0.0223| 0.0252 | 0.0222
Pt (sp) Ni (sp) 17.7146 | 17.7213| -0.0095| -0.0105| 0.0207 | 0.0203
Pt (spf) Ni (sp) 17.7154 | 17.7217| -0.0102 | -0.0103| 0.0205| 0.0208
Nis |- 0.3346 | 0.3322| 0.0069 | 0.0077] -0.0096 | -0.0108
Pt (sp) Ni (sp) 29293 | 2.9293| 0.0079| 0.0086| -0.0156 | -0.0158
Pt (spf) Ni (sp) 29290 | 2.9290| 0.0081| 0.0086| -0.0156| -0.0159
Nip |- 1.0281 | 1.0234| 0.0286| -0.0260| 0.0151| 0.0126
Pt (sp) Ni (sp) 59991 | 5.9991| 0.0002| 0.0002| -0.0003| -0.0003
Pt (spf) Ni (sp) 59991 | 5.9991| 0.0002 | 0.0002| -0.0003| -0.0003
Nid |- 8.6335| 8.6367| -0.0042 | -0.0042| 0.0198| 0.0203
Pt (sp) Ni (sp) 8.7862 | 8.7929| -0.0176 | -0.0193| 0.0366 | 0.0363
Pt (spf) Ni (sp) 8.7872 | 8.7936| -0.0185| -0.0192| 0.0365| 0.0370




