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ABSTRACT

In weakly ferromagnetic materials, already small changes in the atomic configuration triggered by tem-

perature or chemistry can alter the magnetic interactions responsible for the non-random atomic-spin

orientation. Different magnetic states, in turn, can give rise to substantially different macroscopic prop-

erties. A classical example is iron, which exhibits a great variety of properties as one gradually re-

moves the magnetic long-range order by raising the temperature towards and beyond its Curie point

of T 0
C = 1043K. Using first-principles theory, here we demonstrate that uniaxial tensile strain can also

destabilize the magnetic order in iron and eventually lead to a ferromagnetic to paramagnetic transi-

tion at temperatures far below T 0
C . In consequence, the intrinsic strength of the ideal single-crystal

body-centered cubic iron dramatically weakens above a critical temperature of ∼ 500K. The discovered

strain-induced magneto-mechanical softening provides a plausible atomic-level mechanism behind the

observed drop of the measured strength of Fe whiskers around 300− 500K. Alloying additions which

have the capability to partially restore the magnetic order in the strained Fe lattice, push the critical

temperature for the strength-softening scenario towards the magnetic transition temperature of the un-

deformed lattice. This can result in a surprisingly large alloying-driven strengthening effect at high

temperature as illustrated here in the case of Fe-Co alloy.
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Iron is one of the most abundant elements in the Milky Way and constitutes the major component of

earth’s core.1 Processed iron is the main ingredient in steels and other ferrous materials, whose technol-

ogy is a central pillar in today’s industrial world. Beyond the obvious practical interests, the physical

properties of Fe have attracted great attention in many fields of sciences. Probably the most conspicuous

phenomenon is the marvellous coupling between magnetism and mechanical properties. Although rec-

ognized long time ago,2 it is only recently that atomic-level tools can give insightinto the mechanisms

behind the magneto-mechanical effects in Fe and its alloys.Magnetic order in solid iron emerges with

the formation of a crystalline lattice. The stable body-centered cubic (bcc) phase (α-Fe) is characterized

by long-range ferromagnetic (FM) order belowT 0
C. The face-centered cubic (fcc) structure appears in

the phase diagram at temperatures above 1189 K in the paramagnetic (PM) state (γ-Fe). At low tem-

perature, metastable fcc Fe has a complex antiferromagnetic state associated with a small tetragonal

deformation.3,4 This diversity corroborates the strong interplay between structural and magnetic degrees

of freedom in Fe.

The weak FM nature ofα-Fe makes its magnetic interactions, and hence its characteristic properties,

susceptible to chemical perturbations by, e.g., transition metal impurities. The effect is reflected in the

well-known Slater-Pauling curves for the magnetic moment and Curie temperature of dilute Fe-based bi-

naries.5,6 The magneto-elastic coupling is manifested in the observedsoftening of the elastic parameters

near the magnetic phase transition in bcc Fe.7 The role of magnetism in the phase stability of hydro-

statically pressurized bcc Fe has also been underlined.8,9 However, explorations of the interplay among

magnetism, lattice strain, and micro-mechanical properties are missing hitherto.

Using computer simulations, we reveal the impact of the magneto-structural coupling on the temperature-

dependent mechanical strength of bcc Fe under large anisotropic strain. We apply uniaxial tensile load to

a perfect bcc Fe single-crystal and investigate the non-linear stress-strain response up to the point of me-

chanical failure of the lattice (the maximum stress that a perfect lattice can sustain under homogeneous

strain). The stress at the failure point under tension defines the ideal tensile strength (ITS, denoted by

σm), which is a fundamental intrinsic mechanical parameter oftheoretical and practical importance.10–15

We model the temperature effects in terms of a first-principles theoretical approach by taking into account

contributions arising from phononic, electronic and magnetic degrees of freedom. The simulation details
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can be found in the method section.

Results and Discussions

Our predicted maximum tensile strength of Fe as a function oftemperatureT [σm(T )] is shown in Fig.1

(solid line and circles). At 0 K, the ITS amounts to 12.6 GPa. For comparison, the measured room-

temperature ultimate tensile strengths of bulk bcc iron ranges between 0.1 GPa and 0.3 GPa,16 and the

largest reported one is∼ 6 GPa for[001] oriented Fe whiskers.17 Temperature is found to have a severe

impact on the ITS of Fe. Namely,σm(T ) remains nearly constant up to∼ 350 K, decreases by∼ 8%

between∼ 350 K and∼ 500 K compared to the 0 K strength and then drops by∼ 90% between∼ 500 K

and∼ 920 K. At temperatures above∼ 1000 K, Fe can resist a maximum tensile strength of∼ 1.0GPa.

For all investigated temperatures, we found that the ideal Fe lattice maintains body-centered tetragonal

(bct, lattice parametersa andc) symmetry during the tension process and eventually fails by cleavage of

the(001) planes.18

Figure1 also shows the ITS of Fe considering merely the thermal magnetic disorder effect (dashed

line, open diamonds). Comparing these data to the full ITS (solid line and circles), it can be inferred that

the main trend ofσm(T ) is governed by the magnetic disorder term. The pronounced drop of the ITS at

∼ 500 K is related to the magnetic properties of strained Fe, more precisely to its magnetic transition tem-

perature. The Curie temperature is shown as a function of thebct lattice parameters in Fig.2. Compared

to bcc Fe,TC of bct Fe is strongly reduced. The main trend is thatTC decreases as the tetragonality (c/a)

increases. A drop inTC with increasingc/a was reported in previous fixed-volume calculations,19 which

turns out to be the case for the present uniaxial tensile deformations as well.

In order to illustrate the significance of the lattice strain-induced reduction ofTC on the strength of Fe,

we computed an auxiliary ITS [σ c
m(T )] assuming a constantTC for the strained lattice. We chose without

loss of generality the present theoreticalT 0
C of bcc Fe (1066 K) (see Table S1 in the Supplementary infor-

mation). The magnetic disorder effect onσ c
m(T ) is shown in Fig.1 (dotted line, open triangles). The drop

of the ITSσ c
m(T ) is shifted to higher temperatures compared toσm(T ). We conclude that the strongly

reduced Curie temperatures of the distorted bct Fe latticescompared to bcc Fe are primarily responsible

for the drop of the ITS at∼ 500 K. In other words, lattice deformation destabilizes themagnetic order
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(shown schematically in insets of Fig.2) which leads to an unexpected softening of the lattice already at

temperatures far belowT 0
C.

At temperaturesT & 650 K, Fe reaches the maximum strength (fails) very close to the magnetic

instability (T/T εm
C > 0.9). The strength of these magnetically barely ordered systems approaches the

very low strength of the PM state. The emerging question is why the ideal tensile strength of PM Fe is so

much lower than that of FM Fe. We recall that bcc Fe is susceptible to the formation of sizable moments

in both FM and PM states due to its peculiar electronic structure.20,21 The nonmagnetic (NM) bcc Fe

is thermodynamically and dynamically unstable as illustrated in Fig.3(a), where the total energy along

the constant-volume Bain path is shown. The pronouncedE2g peak in the NM density of states (DOS) at

the Fermi level (EF) [Fig. 3(b)] drives the onset of FM order, that is, the majority and the minority spin

channels populate and depopulate, respectively, causing an exchange split and moving the peak away

from EF.22 When the FM equilibrium state is reached (at 0 K),EF is located near the bottom of the

pseudo gap at approximately half band filling in the minoritychannel which explains the pronounced

stability of FM bcc Fe. This is reflected by a deep minimum in the energy versusa and c map (see

Fig. S2 in the Supplementary information). The depth of thisenergy minimum in connection to the ITS

is best characterized by the total energy cost to reach the ideal strain (εm) from the unstrained bcc phase

(strain energy), which amounts to 0.426 mRy/atom per % strain in the FM state.

The formation of local magnetic moments in the PM state also stabilizes the bcc structure. This is

illustrated in Fig.3(a), where we show the constant-volume Bain path of PM bct Fe for various fixed

values of the local magnetic moment (µ). It is found that increasingµ gradually stabilizes the bcc

structure and for the equilibrium value of the local magnetic moment in the PM state (2.1µB), a shallow

minimum is formed on the tetragonal energy curve. Figure3(a) (inset) displays the total energy change of

the bcc structure corresponding to a small volume-preserving tetragonal deformation [∆E(δ ) = E(δ )−

E(0)] for the sameµ values as in the main figure.∆E(δ ) is negative for NM Fe, but increasingµ turns

∆E(δ ) positive indicating the mechanical stabilization of PM bccFe upon PM moment formation. It is

found that the mechanical stabilization due to local magnetic moment formation, embodied in the trend

of ∆E(δ ) as a function ofµ, is in fact determined by the kinetic energy (solid symbols)and thus by the

details of the electronic structure. In the PM state, the local magnetic moment formation is due to a split-
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band mechanism for which the average exchange field is zero.20,21 The disorder-broadened DOSs of PM

Fe [Fig.3(b)] reveal that the formation of local magnetic moments effectively removes the peak atEF

seen for NM Fe. However, this mechanism does not yield a comparably large cohesive energy increase

as for the FM case. The strain energy cost to reachεm starting from the shallow energy minimum equals

0.024 mRy/atom per % strain in the PM phase, which is approximately 18 times smaller than in the FM

case. Hence, the significantly lower ITS of PM Fe compared to that of FM Fe arises from the differences

in the magnetism-driven stabilization mechanisms and the corresponding energy minima within the Bain

configurational space (see Fig. S2 in the Supplementary information).

The 0 K ideal strength of Fe can be sensitively altered already by dilute alloying with, e.g., V or

Co.23 Apart from the intrinsic chemical effect of the solute atom,there is a magnetic effect due to

the interaction between the solute atom and the Fe host. Herewe show that the strength of Fe can be

significantly enhanced at high temperature by alloying withCo.

We assessed the magnetic properties of the random Fe0.9Co0.1 solid solution using the same method-

ology as for Fe. The alloying effect of Co onTC is mainly connected to the strengthening of the first

nearest neighbor exchange interactions (J1).5,24 We show the influence of Co on the eight first [J1(8)]

and six second [J2(6)] nearest neighbor exchange interactions in Fig.3(c) for the bcc phase.J1 between

both similar and dissimilar atomic species increases significantly in Fe0.9Co0.1 compared toJ1 in pure

Fe. At the same time, alloying with Co weakensJ2, but this effect is of lesser importance forTC than the

strengthening ofJ1.

We computed the ITS of the Fe0.9Co0.1 alloy at 0 K23 and in the high-temperature interval between

500 K and 1000 K. As shown in Fig.1, Fe0.9Co0.1 exhibits∼ 10 % larger ITS than Fe at temperatures

below 500 K. However, the strengthening impact of alloying on the ITS becomes more dramatic in the

high-temperature region. The physical origin underlying this effect is the higher Curie temperature of bct

Fe0.9Co0.1 compared to bct Fe, which is a consequence of both the enhanced nearest neighbor exchange

interactions and the stronger ferromagnetism in Fe0.9Co0.1, i.e., both the magnetic moment and exchange

interactions are larger and more stable in the Fe-Co alloy than in pure Fe upon structural perturbation

(tetragonalization).6,23,24 The alloying effect of Co onJ1(8), J2(4), andJ3(2) (the two third nearest

neighbor interactions) is shown in Fig.3(d) for one representative bct structure (witha = 2.732Å and
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c = 3.109Å). The addition of Co leads to a strong increase ofJ1 and a weakening ofJ2 andJ3 similar

to the bcc phase. For the chosen example, theTCs of Fe and Fe0.9Co0.1 amount to 707 K and 1053 K,

respectively, i.e., Co addition results in an increase ofTC which is in magnitude much more pronounced

for the bct structure than for the bcc one.

The predicted strong magneto-mechanical softening of Fe above∼ 500 K should be observable in

flawless systems. Indeed, for single-crystalline Fe whiskers tensioned along [001],17,25,26 Brenner re-

ported a pronounced temperature dependence of the average and maximum tensile strengths as shown

in Fig. 1 (inset). It seems plausible to assume that the maximum strength corresponds to whiskers with

the lowest defect density and highest surface perfection. The failure of whiskers with diameter< 6µm

was reported to occur without appreciable plastic deformation. It is important to realize that the observed

temperature gradient of the measured strength is much stronger than the one assuming only the thermally-

activated nucleation of dislocations at local defects.17 Hence, the observed softening of Fe whiskers re-

quires additional intrinsic mechanisms emerging from the atomic-level interactions. The present results

obtained for the tensile strength of ideal Fe crystal show a strong temperature gradient due to tensile-strain

induced magnetic softening which actually nicely follows the experimental trend. The qualitative differ-

ence in the theoretical and experimental temperature dependence may be ascribed to the low strain-rate

inherent in experiment, which can allow for the activation of dislocation mechanisms.27,28

Conclusions

We have discovered a strong magneto-mechanical softening of iron single-crystals upon tensile loading.

We showed that the strength along the[001] direction persists up to∼ 500 K, however, diminishes most

strongly in the temperature interval∼ 500 - 900 K due to the loss of the net magnetization upon uniaxial

strain. The strength in the paramagnetic phase is more than 10 times lower than that in the ferromagnetic

phase. We found that Fe fails by cleavage at all investigatedtemperatures.

We have demonstrated that the intrinsic strength of Fe at high temperatures is significantly enhanced

by alloying with Co. This finding opens a way to carefully scrutinize the proposed connection29,30 be-

tween the tensile strength of a defect-free ideal crystal and the measured tensile strength of single-crystal

whiskers or nanoscale systems (e.g., nanopillars). Measuring the tensile strength of Fe-Co whiskers at
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elevated temperature could verify the here predicted differences in the high-temperature intrinsic mechan-

ical properties of Fe and Fe-Co alloy.

Extending the above mechanism to other systems, we expect that the large magnetic effect on the

strength exists for all dilute Fe alloys and that the magneto-mechanical softening temperature can be

sensitively tuned by proper selection of the alloying elements. Solutes that strengthen (weaken) the

ferromagnetic order in the tetragonally distorted Fe increase (decrease) the intrinsic strength of defect-

free Fe crystals at temperatures above (below)∼ 600 K.

Method

The adopted first-principles method is based on density-functional theory as implemented in the exact

muffin-tin orbitals (EMTO) method31–33 with exchange-correlation parameterized by Perdew, Burke,

and Ernzerhof (PBE).34,35 EMTO features the coherent-potential approximation (CPA), which allows

to describe the disordered PM state by the disordered local moment (DLM) approach.21

The ITS (σm) with corresponding strain (εm) is the first maximum of the stress-strain curve,σ(ε) =
1+ε
V (ε)

∂G
∂ε [V (ε) andG(ε) are the relaxed volume and the calculated free energy at strain ε], upon uniaxial

loading. The tensile stress was determined by incrementally straining the crystal along the[001] direction

(the weakest direction for bcc crystals) and taking the derivative of the free energy [G(ε)] with respect

to ε. The two lattice vectors perpendicular to the[001] direction were relaxed at each value of the

strain allowing for a possible symmetry lowering deformation with respect to the initial body-centered

tetragonal symmetry.23

The temperature induced contribution from electronic excitations to the ITS was considered by smear-

ing the density of states with the Fermi-Dirac distribution.36 To measure the effect of explicit lattice

vibrations, we computed the vibrational free energy as a function of strain in the vicinity of the stress

maximum within the Debye model37 employing an effective Debye temperature which was determined

from bulk parameters.38

In order to take into account the effect of thermal expansion, the ground-state bcc lattice parameter

at temperatureT was obtained by rescaling the theoretical equilibrium lattice parameter with the experi-

mentally determined thermal expansion.39,40 The expanded volume was stabilized by a hydrostatic stress

8/16



pT derived from the partial derivative of the bcc total energy with respect to the volume taken at the ex-

panded lattice parameter corresponding toT . pT was accounted for in the relaxation during straining the

lattice. To this end, the relaxed lattice maintained an isotropic normal stresspT in the (001) plane for

each value of the strain.

We modeled the effect of thermal magnetic disorder on the total energy by means of the partially

disordered local moment (PDLM) approximation.41,42 Within PDLM, the magnetic state of Fe and

Fe0.9Co0.1 alloy are described as a binary Fe↑
1−xFe↓x and a quaternary (Fe↑0.9Co↑0.1)1−x(Fe↓0.9Co↓0.1)x alloy

with concentrationx varying from 0 to 0.5 and anti-parallel spin orientation of the two alloy components.

Casex = 0 corresponds to the completely ordered FM state with magnetizationm = 1. Asx is gradually

increased to 0.5, the magnetically random PM state lacking magnetic long and short range order (m = 0)

is obtained (DLM state). The PDLM approach describes the energetics underlying the loss of magnetic

order. Connection to the temperature is provided through the magnetization curve [m(τ), τ ≡ T/TC

being the reduced temperature] which maps the computedm to T . It is important to realize that for Fe

and Fe0.9Co0.1 the thermal spin dynamics embodied in the shape ofm(τ) and in theTC value change

under the presently applied uniaxial loading. The computational details forTC andm(τ) are given in the

Supplementary information.
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11. Černý, M.,Šesták, P., Pokluda, J. &̌Sob, M. Shear instabilities in perfect bcc crystals during simu-

lated tensile tests.Phys Rev B 87, 014117 (2013).

12. Jhi, S. H., Louie, S. G., Cohen, M. L. & Morris, Jr., J. W. Mechanical instability and ideal shear

strength of transition metal carbides and nitrides.Phys Rev Lett 87, 075503 (2001).

13. Li, T. S., Morris, Jr., J. W., Nagasako, N., Kuramoto, S. & Chrzan, D. C. ”Ideal” engineering alloys.

Phys Rev Lett 98, 105503 (2007).

14. Thomson, R. In Ehrenreich, H. & Turnbull, D. (eds.)Solid State Physics, vol. 39, 1 (Academic Press,

New York, 1986).

15. Jokl, M. J., Vitek, V. & McMahon, C. J. Microscopic theory of brittle fracture in deformable solids:a

relation between ideal work to fracture and plastic work.Acta Metall 28, 1479–1488 (1980).

16. Howatson, A. M., Lund, P. G. & Todd, J. D.Engineering Tables and Data (Springer Netherlands,

1972).

17. Bush, S. (ed.).Fiber Composite Materials, chap. 2. Factors influencing the strength of whiskers

(American Society for Metals, Metals Park, Ohio, 1965).

18. Clatterbuck, D. M., Chrzan, D. C. & Morris, Jr., J. W. The ideal strength of iron in tension and shear.

Acta Mater 51, 2271–2283 (2003).

10/16



19. Wang, J. T., Wang, D. S. & Kawazoe, Y. Finite-temperature magnetism of tetragonal iron.Appl Phys

Lett 88, 132513 (2006).

20. Pettifor, D. G. Electronic structure calculations and magnetic properties.J Magn Magn Mater 15-18,

847–852 (1980).
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Figure 2. Contour plot ofTC of bct Fe as a function of the lattice parametersa andc. The region where
TC is shown is confined by the bcc ground state (black asterisk) and the failure points (εm) at differentT
(stars, numbers denotingT ). The Curie temperature corresponding to each failure point (T εm

C ) can be
read from the legend. The ground state bcc structure possesses the highest calculatedTC in the region
shown. The dashed line represents the hyperbola of constantvolume equal to the bcc equilibrium
volume. The insets sketch local spins for the unstrained parent lattice and for the strained lattice at high
temperature, illustrating the magnetic disorder increasewith tensile strain.
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Figure 3. (a) Total energy of NM bct Fe and PM bct Fe for various values ofthe local magnetic
moment. The energies are plotted with respect to the energy of the PM bcc state with equilibrium local
magnetic moment (2.1µB), and the volume is fixed to that of PM bcc Fe. The inset displays the total
energy change (open symbols) and the kinetic energy (solid symbols) change corresponding to a small
volume-preserving tetragonal shear (arbitrary units). (b) Total DOS of PM bcc Fe for different local
magnetic moments. (c) and (d) The exchange interactionsJ1 andJ2 of bcc Fe and Fe0.9Co0.1 andJ1-J3
of one representative bct structure (a = 2.732Å, c = 3.109Å).
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