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Slater-Pauling curve of Fe-Cu solid solution alloys
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Magnetization measurement was performed on bulk samples of metastable solid solution alloys with bcc and
fcc structures in the iroriFe)-copper(Cu) system, which were prepared by mechanical alloying and shock
compression. The saturation magnetic-momevit) curve versus number of electrons per aton® & was
found to be reasonably similar to the Slater-Pauling curve of other transition-metal binary systenMg The
curve shows a local maximum at about 26.2 electrons per atom similar to the cases of Fe-Co and Fe-Ni
systems, and approaches zero at about 28.6 electrons per atom. Negative curvature is seen around the boundary
between the mixed phase regidtc and fcg and the fcc phase in a Cu content of about 35 maatout 27.1
electrons per atom
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The Slater-Pauling curve shows the fundamental magnetiby MA treatment for 21 h. The lattice parameters of the bcc
nature of transition metals and their alldysHowever, the and fcc phases were larger than those of pure Fe and Cu,
iron (Fe)-copper(Cu) system alloys are not included in the respectively. The expansion of the bcc structure lattice with
Slater-Pauling curve because the system is almost immighe amount of dissolved Cu atoms was reasonably explained
cible in the solid phase. Metastable solid solutions in thedy the atomic diameter of the Cu atom being larger than that
Fe-Cu system have been prepared in thin-film form by rapicf the Fe atom. However, the lattice parameter of the fcc
quenching® vapor depositiof;® sputtering® and ion-beam phase _shows a positive deV|at|0r_1 from Vegard’s_ law. The
mixing method<. Mechanical alloying(MA) experiments €xpansion of the fcc structure lattice may be attributable to
have frequently been carried out with this system for preparmagnetovolume effecfé’._ Shock-compression recovery ex-
ing metastable solid solution powddérs? Magnetization perllmelgts.conducted using a propellant Yumere described
measurements at low temperatures have been reported ggrller. Disk-shaped bulk samples with a diameter of about
many researchers, including M al,’2 Yavariet al,’*and 12 mm and a thickness of 2-3 mm were obtained by shock
Crespoet al1* measuring magnetizations of metastable alloycompression. The morphology appeared almost as a uniform
powders by superconducting quantum interference devicsingle phase over the entire surfac.e, wh_ose cross sections
Chienet al® estimated the saturation magnetic moments offhowed a metallic gloss. The x-ray diffractioiRD) pattern
the metastable films by fMsbauer spectroscopy experiment.d'd not change after shock compressions at a sufficiently low
Knelle* and Sumiyamaet al® measured the saturation
magnetic moments of metastable films by torsion balance :
magnetometer. However, their magnetization results were |
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not very consistent with the Slater-Pauling curve. The satu- '
ration magnetic moments of the Fe-Cu system alloys still 0.012
remain controversial.

We prepared bulk samples of metastable solid solutionss_
with body-centered-cubitbcc) and face-centered-cubifcc)
structures in the Fe-Cu system by using shock compressiol
combined with MA treatment. In this study, the magnetiza-
tion measurements were performed in magnetic fields up tc
13 T and temperatures ¥ K to obtain the saturation mag-
netic moment at 0 K. By using bulk samples we can pre-
cisely measure the magnetization curves with a vibrating e
sample magnetomet€ySM). 0.0114(

The preparation methods and results of metastable solic
solution powder preparation by MA treatment have been de-
scribed earliet® It was found that the metastable alloys pre- 0.0112 n
pared by MA treatments for 21 h had bcc or fcc structure in 0 20 40 60 80 ‘é’"
the Cu_content regions of 0-25 _mol% or 35-100 mol %, Fe Cu content (mol%) !
respectively, and consisted of a mixed phase between 25 and
35 mol % Cu content® Figure 1 shows the atomic volume FIG. 1. Atomic volume versus Cu content of the fcc and bcc
versus Cu content of the metastable solid solutions preparedetastable solid solutions in the Fe-Cu system.
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TABLE I. Chemical analytical results for zirconium, silicon, carbon, oxygen, and nitrogen cofitents.

zr° SiP o° Nd ce
Chemical element (wt %) (wt %) (wt %) (wt %) (wt %)
Starting powders Fe <0.01 <0.01 0.29 <0.01 0.04
Cu <0.01 <0.01 0.64 0.01 0.33

Fe:Cu=80:20 MA treated(21 h) 1.05 0.11 2.24 0.63 0.10
(in mol %)

Shock-consolidated 2.14 0.62 0.18
Fe:Cu=50:50 MA treated(21 h) 1.45 0.44 1.85 1.98 0.20
(in mol %)

Shock-consolidated 1.84 1.93 0.45
Fe:Cu=80:20 MA treated(21 h) 1.05 0.11 2.24 0.63 0.10
(in mol %)

Shock consolidated 2.14 0.62 0.18

&The measurement errors for zirconium, silicon, nitrogen, oxygen, and carbon contents were less than 0.0001,
0.0001, 0.07, 0.02, and 0.01 wt %, respectively.

®Measured by inductively coupled argon plasma emission spectrophotometry with the SPS-1200 of Seiko
Electric Co., Ltd.

‘Measured by the Combustion in oxygen nondispersive infrared absorption method with the LECO Corp.
TC-436.

dMeasured by the inert-gas fusion thermal conductivity method with the LECO Corp. TC-436.

®Measured by the inert-gas fusion thermal conductivity method with the LECO Corp. WR-112.

pressure which was achieved by impact velocities of lesgsompression. The measured O contents increased from the
than 1.0-1.3 km/¢impactor: 2024 AJ. average starting content of 0.78 wt %, which was calculated
The results of chemical analysis of Zr, Si, O, N, and C infrom those of pure Fe and Cu starting powd&29 and 0.64
the starting powder, the MA-treaté@l h) powders, and the wt %, respectively, by averagely 1.45 wt %. It was assumed
shock-consolidated bulk samples in the 80:20, 50:50, anthat the most of O element existed as ZrOr,0;, CO,,
80:20 mol % Fe-Cu systems are summarized in Table I. Theand most of the N element existed agh&i, NO,, etc. The
Zr and Si contents in the MA-treated powders all increasedverage increase in O content in the bulk samples calculated
from those in the starting materialall <0.01 wt% due to  from the measured Zr and C contents was 1.42 wt %, which
wear debris from the milling tool&irconia[ Y,05-doped(3  almost coincided with the above one calculated from the
mol %) ZrO,] balls and silicon nitride (SN,) mill capsulg. measured O contents. The average total impurity content of
The impurity contents did not much change by the shockZr, Si, C, N, O, etc. in the MA-treated powders was calcu-
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FIG. 2. Magnetization measurement results of the bcc metastable bulk alloy with 75:25 Fe-Claratiagnetization curve versusg?
at 4 K. (b) Magnetization curve versus temperature at 10 T.
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FIG. 3. Saturation magnetic momentlg) per atom versus the number of electrons per atbf l& of the transition metals and their
alloys (Slater-Pauling curve

lated to be 5.5 wt%. The impurity contents can be reduceghowed ferromagnetic hysteresis loops, while the fcc pure Fe
by shortening the MA-treated time, because the alloying fin{y-Fe) was antiferromagnetic. The atomic volumes of the fcc
ished within 12 h in this systeff. However, these oxide and and bcc solid solutions were (11.90—12.%@0 2 nm® and
nitride impurities would not very much disturb the magnetic (11.89—-11.93x 10" 3 nm?, respectively, which were larger
property of the metastable bulk samples, because they atRan those ofy-Fe (11.40<10 2 nm®)*® and a-Fe (11.77
nonmagnetic materials. x 1072 nm?’), respectively, as shown in Fig. 1. The appear-
Magnetic hysteresis measurements were carried out usirgnce of ferromagnetism in the fcc solid solutions can take
the VSM apparatuses combined with a conventional magngilace due to lattice expansion according to the Bethe-Slater
(Riken Denshi Co. Ltd. BHV-30Hrand a superconducting curve.
magnet(Oxford Instruments, Mag. Lab. VS)Mwhose maxi- For the experiment using a superconducting magnet, we
mum magnetic field were 1.5 and 15 T, respectively. We usedhitially increased the magnetic field to 13 T at 4 K, and then
rectangular bulk samplgabout 3x3X(2—3) mn?] with a  decreased it to 10 T. After that, the sample was heated to
weight of a few hundred milligrams. The magnetization room temperaturéabout 300 K in a field of 10 T. Figure 2
curves(up to 1.5 T at room temperature of the bcc meta- shows the result of a typical magnetization measurement on
stable bulk alloy in the 80:20 Fe-Cu system, and the fcahe bcc metastable bulk alloy with 75:25 Fe-Cu ratio. The
metastable ones in the 50:50 and 20:80 Fe-Cu systems allSM system was calibrated using pure nickii) with the

TABLE Il. Summary of theM g values per atom versus the Cu content or number of electrons per atom
at 0 K of the metastable alloys in the Fe-Cu system.

Cu contentimol %) 10 20 25 30 35 40 45 50 60 65 70 80

Electron number 26.3 26.6 26.75 269 27.05 27.2 2735 275 278 2795 28.1 284
per atom

Mg value (ug) 226 189 169 147 130 130 121 109 0.83 0.73 062 0.25
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same dimensions, and a reported value of saturation magneentent of about 35 mol %about 27.1 electrons per atpm
tization at 4 K(58.57 emu/y*® The saturation magnetization This result is similar to the case in the Fe-Ni system, in
(Ig) at 4 K of thesample was determined by extrapolating which the invar effect appears.
the magnetizatior(l) curve versus B2 (B: the magnetic In this study, it was found that the Fe-Cu solid solution,
field) to an infinite field, as shown in Fig(&. Then, thelg ~ Which was primarily immiscible, also showed the Slater-
at 0 K was obtained by extrapolating thedata @ 4 K using Pauling curve reasonably similar to the_other transition-metal
the gradient of versus temperature at 10[Fig. 2b)]. The  SyStéms. The feaiures &g data of this system must be
| values were corrected by considering the average tot&ra}smally understgod by the energy—band theory, exceptin the
Figure 3 shows the saturation magnetic moméAty per only in the bce phase regidriVe expect that the present data
atom[Bohr magneton £g)] versus the ngmber of electrons will offer useful information for the discussion of magnetism
per atom at 0 K of the metastable alloys in the Fe-Cu systemy yansition-metal alloys. The invar effect is now under
The Mg values were summarized also in Table Il. T study.
curve shows a local maximum at about 26.2 electrons per
atom, which is similar to the cases in the Fe-Co and Fe-Ni The authors would like to acknowledge Japan New Met-
systems. It decreases with increasing Cu concentration, arals Co., Ltd. for their support in the instrumental chemical
approaches zero at about 28.6 electrons per atom. Thanalyses. A part of this work was performed at the High
present result is consistent with other binary systems in th€ield Laboratory for Superconducting Materials, Institute for
Slater-Pauling curve. Negative curvature is seen on the satiiaterials Research, Tohoku University. This work was also
ration magnetic moment around the boundary between thsupported by a Grant in Aid for Scientific Research from the
mixed phase regiofbcc and fcg and the fcc phase in a Cu Japan Ministry of Education, Science, and Culture.
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