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We have used NMR and Mössbauer spectroscopy to investigate the magnetism and spin-glass behavior in
FeAl2. The results show that the observed behavior can be interpreted as local-moment magnetism residing on
the Fe sites. An increase in57Fe Mössbauer magnetic hyperfine field was observed at the 35-K spin-glass
freezing temperature, with a reduced low-temperature value consistent with unquenched fluctuations in the
spin-glass state. However, the27Al NMR shifts and spin-lattice relaxation behavior are consistent with transfer
hyperfine interactions to Fe local moments, with a magnitude of approximately 2.5mB. This value is consistent
with the bulk magnetization, but surprising compared to other Fe aluminides, given the small Fe-Fe coordi-
nation number and associated weakening expected for the magnetic moment.
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I. INTRODUCTION

Fe1−xAl x alloys exhibit a variety of magnetic properties,
including ferromagnetism for low-Fe compositions, going
over to reentrant spin-glass behavior for compositions near
x=0.3.1,2 In low-Fe intermetallics, the moments become
smaller, with ordered FeAl and dilute-Fe alloys having zero
moment.3–5 Al-rich quasicrystalline phases such as
Al62Cu25Fe13 are also essentially nonmagnetic.6,7 However,
FeAl2 is an anomaly, exhibiting a large effective moment
2.55mB per Fe,8 and a spin-glass freezing temperature of
35 K. There is considerable fundamental interest in moment
formation in the Fe aluminides4,5,9–13 and in questions of
local versus itinerant magnetism in these systems.9,12,13

Therefore, we have undertaken local-probe studies utilizing
27Al NMR and 57Fe Mössbauer spectroscopy to investigate
the FeAl2 moments and the dynamics of the ordering pro-
cess.

The structure of FeAl2 is shown in Fig. 1, as solved by
Corby and Black.14 This structure is a distorted close-packed
configuration, with three mixed Al-Fe sites among the 18
per cell. Despite the high coordination, the preference for
Fe-Al bonding is apparent, with Fe-Al neighbors exhibiting
the smallest bond lengths. A recent set of measurements in-
dicated FeAl2 to be semimetallic.15 Strong covalent bonding
is characteristic of this and related materials,16,17 and the re-
sulting pseudogap presumably helps to stabilize the struc-
ture. Generally, a reduction in transition metal-aluminum hy-
bridization leads to a larger local moment,11,18 and this has
led to interesting magnetic behavior in a number of related
transition-metal aluminides.16,19–22

II. EXPERIMENTAL METHODS

The sample for this study was synthesized by arc melting
the elemental constituents under argon, followed by further
annealing in vacuum. The resulting polycrystalline ingot was
used for all measurements. This was a different sample than
that used in the previous study in this laboratory,8 however

the spin-glass freezing temperature was found to be identical.
The sample was characterized by powder x-ray diffraction
sBruker D8 Advanced using CuKa radiation. Structural re-
finement was carried out using theGSAS software suite.23,24

Mössbauer spectra were measured using a homebuilt
spectrometer. The sample for Mössbauer studies was pow-
dered and sieved and the center shift was calibrated relative
to a-Fe at room temperature. Dilution studies showed satu-
ration effects on the Mössbauer line shapes to be minimal.
NMR experiments were performed at a fixed field using a
9-T homebuilt pulse spectrometer.19 We used 1-M aqueous
AlCl3 as a NMR reference.

III. RESULTS AND DISCUSSION

X-ray diffraction results are shown in Fig. 2. The analysis
showed no evidence for a second phase. Atomic occupation

FIG. 1. FeAl2 structure. Filled circles: Fes5/celld; open circles:
Al s10/celld; dot-filled circles: mixed-occupancy sitess3/celld. sad
s021d plane, with frame showing a 333 set of triclinic unit cells.
sbd View along s101d showing Fe pairs/triads. This Fe-containing
layer alternates with an Al-only layer.scd Rotated view of layer
pictured insbd.
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parameters are in reasonable agreement with the atomic
weights reported earlier,14 though the refinement indicated Al
occupation on Fe sites as well as mixed sitessup to 0.29
relative Al occupation of Fe site 18 fsite labeling convention
of Ref. 14gd. No Fe occupation of Al sites was found, and the
mixed sites had Al occupation parameters in the range 0.36–
0.53. The fit yielded a=0.4868 nm, b=0.6454 nm, c
=0.8796 nm,a=91.76°, b=73.35°, andg=96.90°, for the
triclinic unit cell, with R values Rwp=0.0599 and Rp
=0.0455. The Al/Fe ratio resulting from the refinement was
2.03.

Using the occupation parameters thus obtained, we calcu-
lated mean atomic coordination numbers, including partially
occupied sites. This gave 2.5 Fe neighbors per Fe atom, and
3.5 Fe neighbors per Al atom. For this calculation, neighbors
were assumed to be those at a distance less than 0.3 nm.

Figure 3 shows Mössbauer spectra versus temperature. At
room temperature, a broadened doublet is observed, consist-

ing of unresolved spectra for the different Fe sites. To fit
these we used a superposition of three multiplets, and found
that additional multiplets did not further improve the good-
ness of fit. Theoretical curves followed a standardsLorentzd
model for Mössbauer spectra. Quadrupole splittings were al-
lowed to vary with temperature, however their contributions
to line-shape changes are small. Line shapes obtained from
this procedure are shown in Fig. 3.

The mean isomer shift obtained was 0.20 mm/s at room
temperature, increasing smoothly to 0.33 mm/s in the zero-
temperature limit, with no change observed atTf. Fitting to a
Debye vibrational model yielded a Debye temperature of
410 K. The large increase in linewidth between 45 and 31 K
could be accounted for by the development of a nonzero
hyperfine magnetic fieldsHhfd at Tf. The temperature depen-
dence ofHhf is shown in Fig. 4.

The main plot of Fig. 4 shows the reduced hyperfine field,
and a power-law fit to the relation,

Hhf/Hhfs0d = s1 − T/Tcdb, s1d

yielding b=0.35, Tc=35.6 K, andmoHhfs0d=6.1 T. TheTc

matches the observed 35-K spin glassTf. The value of
moHhfs0d is relatively small; for example, in dilute body-
centered cubic Fe alloys,25 moHhf may be approximated by a
local value of 8.6 T permB s21.9 T for a local moment of
2.55mBd, and a transfer hyperfine field of 1.2 T permB per
Fe neighbor. Using the mean Fe-Fe coordination number 2.5
obtained above, and even for complete antialignment of
neighbors, the field ismoHhf=14.2 T. The observed value is
significantly smaller, but this is typical of spin glasses, due to
unquenched low-temperature spin dynamics during the meta-
stable 57Fe lifetime.26,27 The exponentb=0.35 is a value
found in three-dimensionals3Dd ferromagnets,28,29 but
smaller than that obtained for short-range spin glasses,b
<0.5,30 and dipolar superspin glasses,b<1.0.31,32 The sus-
ceptibility is also atypical belowTf, continuing to increase as
if some spins remain loosely coupled.8

Figure 5 shows27Al NMR spectra recorded between 4
and 468 K, using a standardp /2−t−p spin-echo sequence.
From the NMR pulse-length dependence, we find that the

FIG. 2. Powder x-ray results for FeAl2, with results of refine-
ment and difference plot. The vertical marks are fitted reflections.

FIG. 3. 57Fe Mössbauer spectra for FeAl2, with theoretical fits
described in the text plotted as solid curves.

FIG. 4. Reduced hyperfine field vs reduced temperature, from
the Mössbauer fitting for FeAl2. The dashed curve is a fit according
to s1−T/Tcdb, with b=0.35,Tc=35.6 K, andmoHhfs0d=6.1 T. The
inset shows the full temperature dependence.
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observed spectra correspond to 1/2 to −1/2 transitions for
the I =5/2 27Al nucleus, implying that the other transitions
are suppressed due to quadrupole broadening. Figure 6
shows the relative shift obtained from the center of mass of
these peaks. The shifts can be expressed by

K = K1 + K2sTd. s2d

A Curie-Weiss-type fit forK2 sTd is shown by the dashed
curve in Fig. 6, yieldingK1=−0.155%, with the Weiss tem-
perature fixed atu=−38 K according to the susceptibility.8

The 4-K point was excluded from this fit since it is belowTf.
sAllowing u to vary yielded an optimized valueu=−33 K,
with a large error bar of 15 K indicating insensitivity to that
parameter.d The results correspond to27Al directly coupled to
neighboring Fe moments, with a negative transfer hyperfine
coupling. Note that the27Al shift does not increase relative to
the Curie-Weiss curve belowTf as would be expected in the
case of cluster-glass behavior, for which local ferromagnetic

couplings should guarantee spin saturation in the large ap-
plied NMR field.

The transfer hyperfine coupling can be obtained from
K2sTd fEq. s2dg and the Fe moment calculated usingpef f

=2.55 andu=−38 K. This is shown in Fig. 7, where the
moment per Al was obtained fromK2sTd using moHhf

=190 T as the Als-spin hyperfine field.33 From the least-
squares slope we obtain a net Al hyperfine field of 1.2 T per
mB on Fe. Dividing by 3.5, the mean Al-Fe coordination
number, yieldsmoHhf

tr =0.35 T permB per Fe neighbor. A
similar value of 0.24 T was found in Al3V,22 while for dilute
Al in Fe, the27Al shift34 corresponds tomoHhf

tr =0.31 T.sThe
latter is obtained from the quoted shift34 by dividing by
2.2 mB and the coordination number, 8 for BCC Fe.d Thus
the FeAl2 couplings are not particularly large despite the
anomalous Fe moment.

The negativeK1=−0.155% implies an Al spin polariza-
tion opposing that of the Fed orbitals, and in aluminides
such behavior is observed in systems with opend shells: in
nonmagnetic FeAlsRef. 35d and for a magnetic decagonal
Al-Pd-Mn quasicrystal,36 values between −0.3% and −0.6%
have been reported. Since this term is temperature indepen-
dent, it implies a Pauli susceptibility, and a predominant
Fe d contribution to the Fermi surface. This contrasts the

FIG. 5. 27Al NMR spectra for FeAl2. The data are offset verti-
cally for clarity.

FIG. 6. 27Al center-of-mass NMR shifts vs temperature. Dashed
curve: Curie-Weiss fit withu=−38 K.

FIG. 7. FeAl2 paramagnetic moment per Fe obtained from the
magnetization curve, plotted vs magnitude of effective on-site Al
moment obtained from the mean NMR shift. The dashed curve is a
least-squares linear fit.

FIG. 8. 27Al NMR FWHM linewidths for FeAl2. The dashed
curve is a Curie-Weiss fit withu=−38 K.
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semiconducting behavior calculated for FeAl2 in simpler
geometries.5,17

The full width at half maximumsFWHMd of the NMR
line is plotted in Fig. 8, along with a fitted curve proportional
to 1/sT−ud, plus aT-independent background term. To see
whether statistical occupation of Fe and mixed sites alone
could account for this, we performed a Monte Carlo-type
calculation assuming Fe having identical paramagnetic mo-
ments,Hhf

tr =0.35 T for all neighbors, and statistical site oc-
cupation according to the x-ray occupation parameters. The
resulting Curie-Weiss contribution to the linewidth was
smaller than observed by a factor of 1/3. Local variations in
transfer couplings and/or moments may account for this dif-
ference, thus the observed widths appear reasonable.

The spin-lattice relaxation ratesT1
−1d was measured by

inversion recovery, irradiating the central portion of the27Al
line, and using the integral of the spin echo.T1 was extracted
by fitting to multiexponential curves for magnetic relaxation
of an I =5/2 27Al central transition. Figure 9 shows the re-
sults. At low temperatures, several peaks are observed, while
at high temperatures the spin-relaxation rate is nearly con-
stant with a value of 0.3 ms−1 sdashed lined. These data re-
sulted from two separate runs, showing consistent behavior.

The lowest-temperature peak inT1
−1 appears at 35 K, due

to the slowing down of magnetic spins atTf, as observed in
other spin-glass systems.37 The maxima inT1

−1 aboveTf do
not correspond to observed features in magnetization8 or spe-
cific heat.15 These features are reminiscent of the behavior of
AlPdMn quasicrystals36,38 for which multiple T1

−1 peaks are
also seen. For that case, there is a reduction of Mn moment at
low T associated with the anomalousT1 behavior. For FeAl2,
there is no large change in moment aboveTf, as evidenced
by the susceptibility.8 However, it is possible that the align-
ment of adjacent spins, such as the Fe pairs or triadssFig. 1d,
to form combined moments, may be responsible for these
features. A gradual reduction in electron density, as shown by
the changes in thermopower below 100 K,15 could contribute
to such spin-alignment behavior by changing the indirect
spin coupling.

The temperature-independentT1
−1 above 100 K is charac-

teristic of concentrated local-moment systems in whichJ
couplings rather than thermal fluctuations control the spin

dynamics. Weak itinerant ferromagnets can exhibit similar
behavior,39 however for the nearly antiferromagnetic itiner-
ant case, more appropriate in the present situation,T1/2 re-
laxation behavior is expected. Much different behavior is
also observed in Al-Fe-Cu quasicrystals, where the mo-
ments are widely separated and found on a small fraction of
the sites.7 Concentrated local moments produce a rate given
by40

1/T1 = s2pd1/2sA/"d2s3vEd−1SsS+ 1dz8, s3d

whereA is the transfer hyperfine energy andvE=f8J2zSsS
+1d /3"2g1/2 is the electron exchange frequency, withJ the
interaction strength,S the local-moment spin, andz the Fe-
Fe coordination number, assuming that each Fe carries a lo-
cal moment. Equations3d differs from Ref. 40 in thatA is a
transfer hyperfine coupling, so we includez8, the number of
local moments interacting with each nucleus. In our casez8
=3.5 andz=2.5, as described above.A is the nuclear Zeeman
energy corresponding to the hyperfine fieldmoHhf

tr =0.35 T
obtained above, which isA=−2.6310−27 J. Given the mag-
nitude of pef f, we assumed thatS=1. In the mean-field
approximation,41 J is related to the Weiss temperature
through Jz=3kBu /2SsS+1d, giving J=1.6310−22 J. This
yields T1

−1=0.6 ms−1. The observedT1
−1=0.3 ms−1 sdashed

line in Fig. 9d, is in good agreement with this calculated
value. Thus, theT1

−1 behavior provides compelling evidence
that the magnetic fluctuations in this system can be attributed
to stable local moments localized on Fe atoms.

The local moment in FeAl2 is surprising in light of the
expected Al-Fe covalency and corresponding weakening of
the moment.17,18 A standard picture for BCC Fe-Al alloys
has been that a Fe-Fe coordination number 4 or greater is
required for Fe to assume its full moment,1 thus the coordi-
nation in FeAl2 would appear to oppose such behavior. The
Knight shifts do indicate an apparentd contribution at the
Fermi level, nevertheless from the relaxation behavior we
conclude that a stable local moment, rather than an itinerant
mechanism, best characterizes the observed magnetism.

IV. CONCLUSIONS

NMR and Mössbauer measurements show that FeAl2 can
be characterized as a concentrated local-moment system. An
increase in Mössbauer hyperfine field was observed to coin-
cide with the spin-glass freezing temperature, while the27Al
NMR is dominated by transfer hyperfine interactions to Fe.
An analysis assuming independent local moments with mean
values equivalent to the value obtained from bulk suscepti-
bility gave good quantitative agreement with the observed
shifts and relaxation times.
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FIG. 9. 27Al NMR spin-lattice relaxation rate vsT in FeAl2. The
dashed horizontal line showsT-independent local-moment behavior
at high temperatures. The solid curve is a guide to the eye.

CHI et al. PHYSICAL REVIEW B 71, 024431s2005d

024431-4



1P. Shukla and M. Wortis, Phys. Rev. B21, 159 s1980d.
2W. Bao, S. Raymond, S. M. Shapiro, K. Motoya, B. Fåk, and R.

W. Erwin, Phys. Rev. Lett.82, 4711s1999d.
3D. Guenzburger and D. E. Ellis, Phys. Rev. Lett.67, 3832s1991d.
4P. G. Gonzales, L. A. Terrazos, H. M. Petrilli, and S. Frota-

Pessôa, Phys. Rev. B57, 7004s1998d.
5R. E. Watson and M. Weinert, Phys. Rev. B58, 5981s1998d.
6R. A. Brand, J. Pelloth, F. Hippert, and Y. Calvayrac, J. Phys.:

Condens. Matter11, 7523s1999d.
7J. Dolinšek, M. Klanjšek, T. Apih, A. Smontara, J. C. Lasjaunias,

J. M. Dubois, and S. J. Poon, Phys. Rev. B62, 8862s2000d.
8C. S. Lue, Y. Öner, D. G. Naugle, and J. H. Ross, Jr., Phys. Rev.

B 63, 184405s2001d.
9D. A. Papaconstantopoulos and K. B. Hathaway, J. Appl. Phys.

87, 5872s2000d.
10P. Mohn, C. Persson, P. Blaha, K. Schwarz, P. Novák, and H.

Eschrig, Phys. Rev. Lett.87, 196401s2001d.
11G. P. Das, B. K. Rao, P. Jena, and S. C. Deevi, Phys. Rev. B66,

184203s2002d.
12D. R. Noakes, A. S. Arrott, M. G. Belk, S. C. Deevi, Q. Z. Huang,

J. W. Lynn, R. D. Shull, and D. Wu, Phys. Rev. Lett.91, 217201
s2003d.

13D. R. Noakes, A. S. Arrott, M. G. Belk, S. C. Deevi, J. W. Lynn,
R. D. Shull, and D. Wu, J. Appl. Phys.95, 6574s2004d.

14R. N. Corby and P. J. Black, Acta Crystallogr., Sect. B: Struct.
Crystallogr. Cryst. Chem.29, 2669s1973d.

15C. S. Lue and Y.-K. Kuo, J. Phys.: Condens. Matter15, 877
s2003d.

16M. Weinert and R. E. Watson, Phys. Rev. B58, 9732s1998d.
17M. Krajčí and J. Hafner, J. Phys.: Condens. Matter14, 5755

s2002d.
18J. Hafner and M. Krajčí, Phys. Rev. B57, 2849s1998d.
19C.-S. Lue and J. H. Ross, Jr., Phys. Rev. B58, 9763s1998d.
20P. Gaczyński, F. G. Vagizov, W. Suski, B. Kotur, W. Iwasieczko,

and H. Drulis, J. Magn. Magn. Mater.225, 351 s2001d.
21H. Drulis, P. Gaczynski, W. Iwasieczko, W. Suski, and B. Y.

Kotur, Solid State Commun.123, 391 s2002d.
22C.-S. Lue and J. H. Ross, Jr., Phys. Rev. B60, 8533s1999d.

23B. H. Toby, J. Appl. Crystallogr.34, 210 s2001d.
24A. C. Larson and R. B. von Dreele, Los Alamos National Labo-

ratory Tech. Report No. LAUR 86-748, 2000sunpublishedd.
25B. Fultz, in Mössbauer Spectroscopy Applied to Magnetism and

Materials Science, edited by G. J. Long and F. GrandjeansPle-
num, New York, 1993d, p. 2.

26J. A. Mydosh,Spin Glasses: An Experimental IntroductionsTay-
lor and Francis, London, 1993d.

27G. M. Irwin, Phys. Rev. B51, 15 581s1995d.
28M. Sahana, U. K. Rössler, N. Ghosh, S. Elizabeth, H. L. Bhat, K.

Dörr, D. Eckert, M. Wolf, and K. H. Müller, Phys. Rev. B68,
144408s2003d.

29S. Nair, A. Banerjee, A. V. Narlikar, D. Prabhakaran, and A. T.
Boothroyd, Phys. Rev. B68, 132404s2003d.

30J. A. De Toro, M. A. L. de la Torre, J. M. Riveiro, J. Bland, J. P.
Goff, and M. F. Thomas, Phys. Rev. B64, 224421s2001d.

31T. Jonsson, P. Svedlindh, and M. F. Hansen, Phys. Rev. Lett.81,
3976 s1998d.

32W. Kleemann, O. Petracic, C. Binek, G. N. Kakazei, Y. G.
Pogorelov, J. B. Sousa, S. Cardoso, and P. P. Freitas, Phys. Rev.
B 63, 134423s2001d.

33G. C. Carter, L. H. Bennett, and D. J. Kahan,Metallic Shifts in
NMR sPergamon, New York, 1977d.

34Y. D. Zhang, J. I. Budnick, F. H. Sanchez, and R. Hasegawa, J.
Appl. Phys. 67, 5870s1990d.

35J. J. Spokas, C. H. Sowers, D. O. Van Ostenburg, and H. G.
Hoeve, Phys. Rev. B1, 2523s1970d.

36D. Rau, J. L. Gavilano, S. Mushkolaj, C. Beeli, M. A. Chernikov,
and H. R. Ott, Phys. Rev. B68, 134204s2003d.

37M. C. Chen and C. P. Slichter, Phys. Rev. B27, 278 s1983d.
38J. L. Gavilano, D. Rau, S. Mushkolaj, H. R. Ott, J. Dolinšek, and

K. Urban, Phys. Rev. B65, 214202s2002d.
39T. Moriya, Spin Fluctuations in Itinerant Electron Magnetism

sSpringer-Verlag, Berlin, 1985d.
40A. Narath, inHyperfine Interactions, edited by A. J. Freeman and

R. B. FrankelsAcademic, New York, 1967d, p. 287.
41N. W. Ashcroft and N. D. Mermin,Solid State PhysicssSaunders

College, New York, 1976d.

NMR AND MÖSSBAUER STUDY OF SPIN-GLASS… PHYSICAL REVIEW B 71, 024431s2005d

024431-5


