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Structure and magnetic order of the Heusler compound Co2NbSn

A. U. B. Wolter,1 A. Bosse,1 D. Baabe,1 I. Maksimov,1 D. Mienert,1 H. H. Klauß,1 F. J. Litterst,1 D. Niemeier,2

R. Michalak,3 C. Geibel,3 R. Feyerherm,4 R. Hendrikx,5 J. A. Mydosh,5 and S. Su¨llow1

1Institut für Metallphysik und Nukleare Festko¨rperphysik, TU Braunschweig, 38106 Braunschweig, Germany
2Institut für Physikalische und Theoretische Chemie, TU Braunschweig, 38106 Braunschweig, Germany

3Max-Planck-Institut fu¨r Chemische Physik fester Stoffe, 01187 Dresden, Germany
4Hahn-Meitner-Institut GmbH, 14109 Berlin, Germany

5Kamerlingh Onnes Laboratory, Leiden University, 2300 RA Leiden, The Netherlands
~Received 26 March 2002; revised manuscript received 2 July 2002; published 15 November 2002!

We present a detailed study of the structural and magnetic phase transitions of the Heusler compound
Co2NbSn. This material undergoes a structural transition atTS5235 K from the cubic HeuslerFm3m high-
temperature phase into an orthorhombic low-temperature lattice ofPmma symmetry. Further, the system
exhibits a magnetic transition atTC5116 K from para- to ferromagnetism. While on a macro- and mesoscopic
scale Co2NbSn appears to be fullyFm3m ordered, from microscopic studies we find that on an atomic scale
site disorder is present. We discuss the implications of these findings for the anomalous macroscopic physical
properties and domain formation in the ferromagnetic state in Co2NbSn.

DOI: 10.1103/PhysRevB.66.174428 PACS number~s!: 75.60.Nt, 72.15.Eb, 75.50.Cc, 71.20.Be
ct
ic
ry
ib

e

on
th
e
i-
re

e
c
of
in
m
g
c-
ed

o
ra

e
p

o

ra
ve

s is
i

ent

ide
res-
not
nic

ted
ine
nts,
.
of

that
that
ster-
o-

y

led
d in

-ray
and

of
ted
-to-

re-
l pa-
ater
I. INTRODUCTION

In recent years shape memory alloys have been subje
extensive research efforts due to their potential for techn
applications.1,2 In particular, ferromagnetic shape memo
alloys have been studied intensively because of the poss
ity to control the shape memory effect~SME! by application
of magnetic fields.3–5 The prototype ferromagnetic shap
memory alloy is Ni2MnGa.6 It orders ferromagnetically
at TC;350–380 K, while the martensitic phase transiti
at TS connected to the SME very strongly depends on
actual stoichiometry of the sample, varying betwe
200 and 400 K.3,5–8 Depending on if the martensitic trans
tion takes place in the ferro- or paramagnetic phase, diffe
martensitic transitions arise, with a rich variety of SME.

On basis of band structure calculations Co2NbSn has been
argued to be closely related to Ni2MnGa.9 In previous inves-
tigations it has been established that the material undergo
structural transition atTS;200–250 K and a ferromagneti
at TC;100–120 K with a small ordered moment
0.3mB .10–12 The character of the ferromagnetic state is it
erant, as is indicated by magnetic circular dichrois
experiments.12 Based on unpublished data of the alloyin
series (Co12xNix)2NbSn it has been claimed that the stru
tural and magnetic transition temperatures are suppress
zero temperature at the same Ni concentrationx50.3, which
would indicate a very strong interlocking of the tw
phenomena.9 As the driving mechanism behind the structu
transition a band Jahn-Teller effect has been proposed.9,11

A striking feature of Co2NbSn is the very strong sampl
dependence of its physical properties. Sample-to-sam
variations of transition temperatures by 20 K (TC) and 50 K
(TS) are observed.9–11,13 In the most exhaustive study t
date, Ref. 11, in none of the bulk properties~susceptibilityx,
specific heatcp , resistivity r) could TC and TS unambigu-
ously and consistently be defined. Moreover, a resistivity
tio r300 K/r4.2 K51 and a negative temperature derivati
0163-1829/2002/66~17!/174428~9!/$20.00 66 1744
to
al

il-

e
n

nt

s a

-

to

l

le

-

dr/dT over a wide temperature range are observed. Thi
in conflict with a fairly large density of states at the Ferm
level, as derived from the electronic specific heat coeffici
g.11,13 Further, at the first-order transition atTS the accom-
panying specific heat anomaly is smeared out over a w
temperature range of 60 K. Such behavior points to the p
ence of crystallographic disorder, which, however, has
been identified so far; nor has its relevance for the electro
and magnetic properties been studied.

In view of these open issues we have reinvestiga
Co2NbSn. We have thoroughly characterized polycrystall
material by means of macro- and microscopic experime
thus establishing theintrinsic properties of this compound
Complementarily, we have studied the local symmetry
Co2NbSn by means of nuclear magnetic resonance~NMR!
and Mössbauer spectroscopy. From these studies we find
Co2NbSn is disordered on an atomic scale. We propose
the disorder accounts for the unusual magnetothermal hy
esis in Co2NbSn, causing the formation of very narrow d
main walls.

II. EXPERIMENTAL DETAILS

Polycrystalline samples Co2NbSn have been prepared b
arc melting the constituents~Co: 3N; Nb: 3N; Sn: 5N! in
stoichiometric ratio under Ar atmosphere in a water-coo
copper crucible. Subsequently, the samples were anneale
evacuated quartz tubes at 850°C for 7 days.14 The structure
and homogeneity of the samples have been checked by x
and neutron diffraction. The samples are single phase
crystallize in the fully orderedFm3m Heusler structure
at room temperature, with a lattice parameter
a56.1526(3) Å. Comparison of this value to those repor
in the Refs. 10, 11, and 15 reveals significant sample
sample variations, with the absolute valuesa of our samples
consistently larger than those of the previous reports. It
flects a strong sample dependence even of the structura
rameters. In Ref. 11 the sample has been quenched in w
©2002 The American Physical Society28-1
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after the heat treatment,16 which likely gives rise to frozen-in
disorder and possibly causes the observed variation of
lattice parameters.

The specific heat measurement was performed usin
standard adiabatic heat-pulse technique in zero field betw
10 and 300 K. The magnetic susceptibility was measu
employing a commercial superconducting quantum inter
ence device~SQUID! magnetometer, at temperatures rang
from 5 to 300 K in fields up to 5 T. Resistivity measuremen
were carried out by means of a standard ac four-point te
nique at temperatures ranging from 20 to 300 K. Pow
neutron diffraction studies have been executed at the
spectrometer of the HMI, with an incident neutron wav
lengthl51.581 92(5) Å. Temperature-dependent x-ray d
fraction experiments have been carried out between 10
300 K. For the room-temperature119Sn Mössbauer experi-
ments a Ca119mSnO3 source was used in conventional tran
mission geometry in connection with a scintillation count

Muon spin resonance (mSR) experiments in zero extern
field ~ZF! and longitudinal external field~LF! ~parallel to the
initial muon spin polarization! have been performed betwee
3 and 290 K at the M20 beamline of the TRIUMF muo
facility. The powderized sample Co2NbSn was mounted in a
low-background sample environment using ultrathin alum
num tape. To deduce the time dependence of the muon
polarization the count rates in two positron detect
mounted upstream and downstream of the muon beam w
analyzed using the corrected asymmetry method.17 A 20 G
transversal field experiment at 290 K was used to calib
the base line. It could be fitted with a signal amplitude~ini-
tial asymmetry! of A050.197(1) and a single Gaussian r
laxation of s50.157(2)ms21. Due to the low-background
setup the full asymmetry can be assigned to the Co2NbSn
sample. The signal amplitude was kept fixed for the analy
of the ZF and LF experiments.

NMR measurements were performed with a modifi
Bruker pulse spectrometer in quadrature detection and a
perconducting magnet operating at magnetic fields up tB
57.05 T at temperatures between 31 and 293 K. The e
value of the field for the Knight shift measurements has b
determined via the resonance frequency of59Co in a
K3Co(CN)6 aqueous solution. For the NMR, neutron sc
tering, x-ray diffraction, and Mo¨ssbauer experiment
Co2NbSn has been powderized in a mortar. Because of
powdered sample, the NMR responses of the59Co and93Nb
nuclei are distributed over a wide frequency range, causin
decrease in the signal-to-noise ratio. For the NMR meas
ments, the sample was placed in a glass tube which sho
no observable NMR signals in the59Co and93Nb frequency
range.

III. RESULTS AND DISCUSSION

In Fig. 1 we present the neutron diffraction spectra
Co2NbSn measured at 300 and 5 K. Full Rietveld struct
refinements have been carried out employing the prog
WINPLOT/FULLPROF.18 The results of the fitting procedure a
summarized in Table I. At room temperature the spectrum
best described assuming theL21 structure, i.e., a Heusle
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lattice withFm3m symmetry.10,11Within experimental reso-
lution ~5%! there is no evidence for site exchange of Co, N
and Sn atoms on equivalent sites. At 5 K the material has
transformed into a low-temperature phase of reduced s
metry. Following Ref. 11 we refine our data assuming
orthorhombic Pmma unit cell for the low-temperature
phase. Our refinement is in full agreement with that of R
11.

TABLE I. The refinement results of the neutron diffraction spe
tra, including positional parametersx, y, z of the Pmma lattice of
Co2NbSn.

Fm3m300 K Pmma100 K Pmma5 K

a ~Å! 6.1524~4! 8.7932~3! 8.7962~3!

b ~Å! - 5.9432~2! 5.9269~2!

c ~Å! - 4.4356~2! 4.4408~2!

Biso 0.82~9! 0.56~9! 0.44~9!

x2 1.7 2.4 2.3
RBragg ~%! 7.8 11.8 12.2

x y z

Co (4h) 0 0.253~40! 1
2

Co (4k) 1
4 0.746~33! 0.051~5!

Nb (2a) 0 0 0
Nb (2f ) 1

4
1
2 0.527~15!

Sn (2e) 1
4 0 0.537~17!

Sn (2b) 0 1
2 0

FIG. 1. The neutron diffraction spectra of Co2NbSn in the cubic
Fm3m phase at 300 K and orthorhombicPmmaphase at 5 K. Tics
indicate Bragg peak positions,~1! represents experimental dat
and the result of the refinement and the difference between re
ment and fit are plotted as solid lines.
8-2
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By comparing theBiso values in the cubic and orthorhom
bic phases we determine the effect of the structural transi
on the lattice properties. Assuming at 100 and 300 K
validity of the high-temperature limit of the Debye mode
i.e., that the mean-square displacement can be express
^x2&53\T/MkBQD

2 , we evaluate the ratio
QD,300 K/QD,100 K51.4. Thus, the structural transition from
the cubic to orthorhombic phase causes a substantial so
ing of the lattice.

In Fig. 2 we plot theT dependence of the@2 2 0# and@4 2
2# peaks, determined from x-ray diffraction. Upon lowerin
the temperature belowTS523565 K both peaks split up
into three separate peaks in the orthorhombic cell. In Fig
we plot theT-dependent lattice parameters. Note that in
der to compare distances in the low- and high-tempera
phases we plot the valuesA2a, b, andc/A2 for the ortho-
rhombic lattice, normalized by the cubic lattice parametea
at 300 K. The structural transition gives rise to a large va
tion of interplanar distances up to 4%, compared to the cu
lattice. In contrast, the volume of the unit cellV5a3b3c
remains almost constant over the whole temperature ran

The magnetic properties of Co2NbSn are summarized in
the Figs. 4 and 5. In Fig. 4 we plot theT dependence of the

FIG. 2. The temperature dependence of the@2 2 0# and @4 2 2#
peaks upon transition from the cubic high-temperature to ort
rhombic low-temperature phase.

FIG. 3. The temperature dependence of the lattice paramete
Fm3m andPmmaCo2NbSn, normalized by the room-temperatu
value.
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spontaneous magnetizationMS , determined from an Arrot
plot analysis, the susceptibilityx, and inverse susceptibility
x21 ~for details see Ref. 19!. We include the width of the
static internal field distributionD, obtained viamSR ~see
below!. FromMS(T) we determine the Curie temperature
TC511662 K. The ordered magnetic moment approach
0.3mB /Co atom at low temperatures~Figs. 4 and 5!. The
solid line in Fig. 4 represents a fitMS}(TC2T)b, b
50.42, indicating a tendency towards mean-field-like beh
ior. The coercitivity of the material is comparatively large f
an itinerant magnet (;0.15 T). The field evolution of the
virgin curve of the magnetization implies that the coercitiv
is pinning controlled~Fig. 5!.20

In the cubic phase the susceptibility follows a Curi
Weiss behavior, withme f f51.35mB /Co atom andQCW
527 K. Thus, for the cubic structure the magnetic coupli

-

of

FIG. 4. TheT dependence of the susceptibilityx, inverse sus-
ceptibility x21, and spontaneous magnetizationMS of Co2NbSn.
We include the relaxation rateD, obtained in amSR experiment,
which demonstrates the scaling ofD with MS .

FIG. 5. A hysteresis loop of Co2NbSn at 35 K. Inset I demon-
strates the presence of a small ferromagnetic signal aboveTC . Inset
II represents the pronounced magnetothermal hysteresis.A corre-
sponds to an experiment with the sample cooled in232 G and
measured in150 G, B to a cooling in18 G and measurement in
250 G.
8-3
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A. U. B. WOLTER et al. PHYSICAL REVIEW B 66, 174428 ~2002!
is weakly antiferromagnetic, in contrast to the ferromagne
coupling in orthorhombic symmetry. The structural transiti
into the orthorhombic lattice is visible as a kink-type min
mum in x21, from which we determineTS523363 K.

Below the structural transition the magnetic behavior
complex. On the one hand,x21 is linear between 150 an
210 K. In the magnetization, however, we observe
S-shaped magnetization and magnetic hysteresis aboveTC ,
pointing to the presence of a ferromagnetic phase~inset I,
Fig. 5!. From amSR study~see below! we conclude that the
signal arises from a minority phase. The ferromagnetic sig
of the minority phase disappears at aboutTS , and therefore
we have not determined Curie-Weiss parameters in this t
perature range.

In addition, there is a complicated history dependence
the magnetization in the ferromagnetic regime.19 Cooling the
sample in the remnant field of a superconducting magnet
measuring it in a field directed opposite to the remnant fi
causes a temperature dependence ofx as depicted in inset II
of Fig. 5. This behavior resembles that observed in cer
rare-earth-transition metal alloys like SmNi4B,21

Pr2Fe172xMnx ,22 or ThCo5xNi525x compounds.23,24 It is at-
tributed to the formation of very narrow domain walls form
ing in the ferromagnetic state even in an itinerant magne

Further, we have performedmSR experiments on
Co2NbSn. BelowTC the ZF and LFmSR spectra exhibit a
strong static electronic relaxation. The spectra could be fi
using a Kubo-Toyabe function derived for an isotrop
Lorentzian field distribution in a powder sample~Fig. 6!.
Hence, the material is homogeneously magnetically orde
A well-defined spontaneous muon spin precession is not
served. The limited quality of the fit using a Lorentzian fie
distribution centered atB50 T may be explained assumin
a finite local field^B& at the muon site with a broad distr
bution ^DB&. The static relaxation rateD(T52 K)
'30 ms21 results in an internal field distribution of widt
^DB&'350 G at the muon site. In the cubic Heusler crys
structure two possible muon sites of octahedral coordina
exist at positions~0.5, 0, 0.25! ~site a) and ~0.25, 0, 0.25!
~site b). Dipole field calculations assuming a magnetic m
ment of 0.3mB at the Co atoms result in local fields betwe
0.5 and 1 kG~site a) or 1.5 and 3 kG~site b) depending on
the spatial alignment of the ferromagnetic moments. Only
a muon site of tetrahedral coordination~0.125, 0.25, 0! ~site
c) and a spin alignment parallel to~1, 0, 0! directions an
internal field of 0.26 kG is found. However, it should b
emphasized that additional Fermi contact hyperfine fields
not included in these calculations and may alter the dete
nation of the actual muon site and spin orientation.

The scenario of an overdamped muon spin precessio
explained by local muon site disorder. BelowTS the symme-
try at all muon sites is reduced and different environme
are formed by atomic displacements in the low-tempera
phase. These displacements give rise to a distribution of l
fields in the magnetically ordered regime. A quantitative c
culation is difficult since the presence of the muon in t
lattice leads to an additional site relaxation of the atom
positions of the same order of magnitude. Therefore the
ditional disorder contribution toD caused by local impurities
17442
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cannot be extracted. The observed scaling ofD with the mac-
roscopic magnetization~Fig. 4! is consistent with the dis-
cussed line broadening effects.

Above TS5235 K the ZFmSR spectra of Co2NbSn can
be fitted by a product of a simple exponential relaxation a
a static Gaussian Kubo-Toyabe-type function,

Gz~ t !5A0 exp~2lt !F1

3
1

2

3
~12s2t2!expS 2

1

2
s2t2D G

(s5width of static Gaussian field distribution! ~Fig. 7!. The
exponential term describes a relaxation due to electronic
ments; the Kubo-Toyabe term accounts for the relaxation
to static nuclear moments.

At 290 K, a longitudinal field of 100 G is sufficient to
suppress the muon spin depolarization due to nuclear m
netic moments@Fig. 7~a!#. As the temperature is lowere
below TS5235 K, the spectra are qualitatively chang
@Figs. 7~b! and ~c!#. LF experiments prove the quasistat
nature of the electronic relaxation, since at 162 K and 123
only a partial decoupling of the relaxation is achieved in
fields ;100 G. Higher LF fields of'500 G are required to
decouple the muon spin from the static internal fields, wh
due to their size have to be of electronic origin. Then,
relaxation processes cannot be regarded as independen
the above given product relaxation function is inappropria
Therefore, all ZF spectra between 290 K and 120 K ha
been analyzed using a relaxation function derived for an
tropic static internal field distribution convoluted from
Gaussian and a Lorentzian field distribution~inset of Fig. 8!:

FIG. 6. Typical zero field~ZF! ~upper panel! and longitudinal
external fieldmSR ~lower panel! spectra of Co2NbSn forT<TC .
8-4
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STRUCTURE AND MAGNETIC ORDER OF THE HEUSLER . . . PHYSICAL REVIEW B 66, 174428 ~2002!
Gz~ t !5A0F1

3
1

2

3
~12Dt2s2t2!expS 2Dt2

1

2
s2t2D G .

Here, the Lorentzian distribution of widthD is ascribed to
the electronic relaxation and the Gaussian distribution
width s is due to the nuclear relaxation. AboveTS a nuclear
damping ofs50.20(3) ms21 is derived which increases t
0.28(2) ms21 below the structural transition. The resultingT
dependence ofD and typical ZF spectra are shown in Fig.
The narrow static field distribution betweenTS andTC indi-
cates the existence of highly diluted magnetic domains.
static widthD is '100 times smaller than belowTC . As-
suming a similar size of the magnetic moment per Co site
in the ferromagnetic phase the volume fraction of the m
netic domains can be estimated to a percent randomly
tributed in the lattice. This is consistent with the ratio of t
size of the spontaneous magnetic moment below and ab
TC ~about 1/100!. Since a ferromagnetic signature is o
served upon transition into the orthorhombic phase, it po
bly indicates that the secondary magnetic phase is a de
tive of cubic or orthorhombic Co2NbSn, like, for instance, a
strained phase in the grain boundaries.

Magnetic order and the structural transition are bulk p
nomena, as established by the specific heat plotted in Fi

FIG. 7. ZF and LFmSR spectra of Co2NbSn forT.TC . At 123
and 162 K the spectra were analyzed using a two-component fi
a Gaussian and Lorentzian field distribution. At 290 K only
Gaussian field distribution is used.
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At the structural transition a large anomaly is se
(TS5233 K, from the maximum of the anomaly!, attesting
to the first-order nature of the transition. Compared
Ref. 11 the specific heat anomaly of our sample is mu
more pronounced and distributed over a much more nar
temperature range of 5 K. Moreover, for our sample
anomaly occurs at the temperature at which in x-ray diffr
tion the transition has been observed.

From Fig. 9 we determine the lattice specific heats for
high- and low-temperature phases by modeling them as
bye contributions. For this, we applied a fit with the fu
Debye integral calculated by an interpolation scheme to
corresponding temperature regimes.25 We include an elec-
tronic specific heatcp,el5gT, g526 mJ/mol K2.13 With av-
erage Debye temperaturesQD of 365 K for the cubic and
275 K for the orthorhombic structure we reproduce the s

of

FIG. 8. Temperature dependence of the Lorentzian static w
D of the local field distribution at the muon site aboveTC . Inset:
typical ZF time spectra fitted with a convoluted Gaussian a
Lorentzian relaxation function.

FIG. 9. The specific heatcp of Co2NbSn. The structural transi
tion at TS5233 K appears as a first-order transition; the ferrom
netic transition atTC.120 K is derived after subtracting a lattic
contribution tocp ~inset!. The lattice contributions for the low- and
high-temperature phases are indicated by dashed and solid line
details see text.
8-5
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A. U. B. WOLTER et al. PHYSICAL REVIEW B 66, 174428 ~2002!
cific heat far aboveTS and belowTC , respectively~dashed
and solid lines in Fig. 9!. We calculate the ratio of the Deby
temperatures,QD,cubic/QD,ortho51.3, a value consistent with
that obtained via theBiso values from neutron scattering
thus supporting the notion of a softening of the lattice at
structural transition.

By subtracting the combined specific heat contributio
from phonons and electrons,cp,phonon1cp,el , from the total
specific heatcp for the low-temperature phase we determi
the magnetic specific heatcp,mag. In the inset of Fig. 9
we plotcp,mag/T as a function ofT, revealing a second-orde
phase transition at TC . From an entropy balanc
construction—i.e., the striped triangular areas in the inse
Fig. 9 are required to be of equal size—we determ
TC.119 K. From this construction we estimate the size
the specific jumpDcp,mag at TC , which we evaluate to abou
4 J/mol K. This value is much smaller than that expected
an ordering transition of Co21 ions, which, depending onJ
5S or L1S, would yield valuesDcp,mag.18 and 20
J/mole K, respectively. Correspondingly, the entropy relea
in the ferromagnetic transition,S50.17R ln(2), is much
smaller than expected for an ordering transition of localiz
Co21 moments. Both observations reflect the itinerant nat
of ferromagnetism in Co2NbSn.

The resistivityr of Co2NbSn as function of temperatur
is plotted in Fig. 10. The overall resistive behavior is met
lic, although a comparatively large absolute value ofr and a
smallr300 K/r20 K51.5 is indicative of remnant strain or dis
order. At the structural transition a small upward jump
detected inr, which exhibits hysteresis upon cycling th
temperature.14 This is illustrated in the inset of Fig. 10
where we show an enlarged view of the transition regi
with r during a cooling-warming cycle through the trans
tion. Further, the signature of the ferromagnetic transition
a change of resistive slope at;112 K, visualized by the line
construction. A weak signature ofTC in the resistivity is
expected for this type of magnet, as within fluctuation the
it is predicted thatdr/dT}cp .26,27 Hence, the change o
slope depends on the size of the ordered moment, whic
Co2NbSn is small.

FIG. 10. The resistivity of Co2NbSn as a function of tempera
ture. The structural transition causes thermal hysteresis, as indic
in the inset.
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Our resistivity experiment stands in marked contrast
that of Ref. 11. This reflects different levels of crystall
graphic disorder in the investigated samples. For our sam
the small resistivity ratior300 K/r20 K indicates the presenc
of strain or disorder. The level of disorder is even larger
the sample of Ref. 11, asr300 K/r20 K is smaller; there is
neither an unambiguous signature ofTS nor TC , andr ex-
hibits a negative temperature derivativedr/dT over a wide
temperature range. The resistivity of Ref. 11 resembles
of strongly disordered metals, in which electronic transpor
approaching the diffusive limit.28

Similarly, the other bulk properties validate our claim of
higher crystalline quality of our samples compared to that
Ref. 11. For our samples we observeTS in the susceptibility,
the width of the specific heat anomaly atTS is smaller by an
order of magnitude, and the ferromagnetic ordering is
tected incp . The crystalline quality of Co2NbSn appears to
be mainly a function of the annealing procedure, as both
magnetic and structural transition temperaturesTS and TC
depend strongly on it. The values ofTS and TC are about
20–30 K higher for annealed than for as-cast samples.14

In contrast to the pronounced sample dependencies
ing from disorder, in our structural investigation we foun
perfect agreement with previous studies11 and no indication
of crystallographic disorder. Thus, disorder must be reali
on an atomic scale, which is hard to detect in diffracti
techniques. To study the local symmetry in Co2NbSn we
have employed microscopic techniques.

Direct evidence for crystallographic disorder on an atom
scale in Co2NbSn comes from Sn Mo¨ssbauer experiments o
the cubic room-temperature phase. Here, a single, broad
sorption line is observed~Fig. 11!. To fit the spectrum at leas
two Lorentzian linesL1 andL2 are required, with isome
shifts IS’s and line widthsG @full width at half maximum
~FWHM!# of IS51.83~28! mm/s; G51.77(14) mm/s (L1)
and IS51.33~3! mm/s; G51.22(7) mm/s (L2). From the
integrated intensities we obtain relative weights of 24%
L1 and 76% forL2, implying a 1:3 distribution of local Sn
environments. The valuesG are fairly large, compared to

ted FIG. 11. Room temperature119Sn Mössbauer spectra o
Co2NbSn. Two Lorentz functionsL1 andL2 are required to fit the
spectrum; for details see text.
8-6
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isostructural Co2ScSn,29 suggesting that both local Sn env
ronments represent an average response from different
figurations.

To further study the structural disorder in Co2NbSn we
performed 59Co and 93Nb NMR experiments. Broad fre
quency spectra of59Co and 93Nb were obtained using a
echo sequence,p/2-t-p-t-acq, with phase cycling which
efficiently canceled any transmitter pulse breakthrough.30,31

Typical conditions of excitation werep/258 ms and
p516 ms for a 90° and 180° pulse andt550 ms, respec-
tively. Repetition rates were in the range 0.05–0.5 kHz. T
NMR spectra were recorded piecewise by 50 kHz secti
using Fourier transform NMR at 4.64 T and summation o
the frequency range 45.7–49.7 MHz. The59Co NMR shift
was determined using an aqueous K3Co~CN! 6 solution as a
reference, while the93Nb shift was determined with respe
to the 59Co reference frequencynR by nR3(93gn /59gn)
(g5gyromagnetic ratio! with the tabulated values of59gn
52p310.054 MHz/T and93gn52p310.407 MHz/T.

The main experimental observation is presented in F
12, where we plot the NMR spectra ofI 57/2 59Co and
I 59/2 93Nb as function of temperature. In this figure ze
frequency is associated with the59Co reference of aqueou
K3Co~CN)6. At room temperature, in a perfectFm3m struc-
ture, Co and Nb each would occupy only one crystal
graphic site, giving rise to two lines in the NMR spectru
Instead, we observe four lines, labeled 1–4. It either imp
~a! two inequivalent sites in the lattice occupied by Co a
Nb ions each or~b! a quadrupolar splitting of the Co and N
signal even in cubic symmetry.

For quadrupolar splitting the frequency shift between t
lines adheres to n5gB(11K)1nQ (K5Knight shift,

FIG. 12. The 59Co and 93Nb NMR signals as a function o
temperature.
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s
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s

nQ5quadrupole resonance frequency!, implying that, for
B→0, n5nQneq0. Thus, to test scenario~b! we determined
the field dependence of the NMR spectra. In Fig. 13 we p
the frequency shiftDn1 of lines 2–4 with respect to line 1 a
a function ofB. The shifts vary linearly with field and ex
trapolate to zero, excluding a quadrupolar splitting as sou
for the four lines.

Since line 1 lies close to that of free59Co and line 4 to the
93Nb signal, we associate them accordingly. In Fig. 14
plot the T dependence of the Knight shift and linewid
~FWHM! of lines 1 and 4. The structural transition is di
cernable in the Knight shift of line 4, which aboveTS is
nearly constant, while betweenTS andTC it falls off linearly.
It reflects the fact that the value of the Knight shift of93Nb
above TS is determined by both the transferred hyperfi
field from the Co ion and dipolar contributions. BelowTS ,
with a reduced symmetry, dipolar contributions are modifi
causing theT dependence of the Nb Knight shift. For line
no feature is seen atTS , which is the consequence of th

FIG. 13. The field dependence of the shifts of lines 2, 3, and 4
Co2NbSn with respect to line 1,Dn1.

FIG. 14. The temperature dependence of Knight shift and li
width of Co2NbSn.
8-7
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hyperfine field being the dominant term for the Knight sh
of 59Co at all temperatures, as Co carries the magnetic
ment. Upon reduction ofT below TC both lines exhibit a
rapid change of the Knight shift because of an increas
hyperfine field.

The T dependence of the linewidth~FWHM! mirrors the
internal field and field distributions~Fig. 14!. Hence, no
anomaly is seen atTS for lines 1 and 4, while upon ap
proachingTC both lines are broadened. The onset of a m
netic signature in the linewidth occurs at about 160 K. T
discrepancy with the bulkTC value probably arises from th
secondary magnetic phase, which gives rise to the anoma
magnetization aboveTC and quasistatic signature of themSR
spectra~see above!. The internal field distribution at 30 K
extracted from the FWHM data is determined to'1100 G
and 770 G for the Co and Nb sites, respectively. The lar
value for Co reflects the fact that it carries the magne
moment. The size of the field distribution observed in NM
is in semiquantitative agreement with themSR experiments
~300 G at 30 K!. Full quantitative agreement is not expect
due to quadrupolar broadening of the NMR lines and
inequivalent crystallographic sites of Co, Nb, and the pr
ing muon.

In contrast to the regular behavior of lines 1 and 4, line
and 3 become very broad and shift substantially as the t
perature is reduced. Because of the strong temperature
pendence of their position and width, lines 2 and 3 canno
unambiguously associated with Co or Nb; nor is an accu
determination of the Knight shift and linewidth possible.

Altogether, from our Mo¨ssbauer and NMR study we fin
that on a local scale Co2NbSn is disordered, with two loca
environments, viz., configurations~referred to asL1 and
L2), for each Co, Nb, and Sn even in the cubicFm3m
structure. Because of their regular behavior, it is tempting
associate lines 1 and 4 in the NMR experiment with Co a
Nb sited on the nominal positions of theFm3m andPmma
lattice. Then, lines 2 and 3 correspond to Co and Nb i
randomly distributed on sites close to the nominal positio
giving rise to an incoherent response in local probe stud
Since the area below lines 2 and 3 is larger than below 1
4 ~taking into account the largerT2 times of lines 1 and 4!,
these lines correspond to theL2 configuration with 76% vol-
ume amount. The disorder on these sites must be realize
a small static displacement of the ions from the nomi
positions of theFm3m and Pmma lattices irresolvable in
diffraction experiments. Because of the small displaceme
the two configurationsL1 andL2 are almost degenerate e
ergetically, and likely they are randomly distributed throug
out the sample rather than being phase separated.

The disorder is nonintentional; i.e., in a stoichiomet
intermetallic compound translational symmetry is broken32

In recent years a number of cases of nonintentional diso
have been reported, specifically for heavy fermi
compounds.33–36For heavy fermions moderate levels of no
intentional disorder determine the ground-state propert
The effect of disorder in a metal with less strong electro
correlations like Co2NbSn is not as dramatic, but still ac
counts for the anomalous behavior of the bulk properties
the pronounced sample dependences. In particular, it
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counts for the observation of a nonmetallic resistivity and
first-order transition smeared out over 60 K in Ref. 11. T
disorder level of the sample studied in that work is compa
tively high, probably stemming from the fast quenching af
the heat treatment. If the cooling procedure is a relev
element controlling the disorder level, it would sugges
structural instability of Co2NbSn at high temperatures, giv
ing rise to ions occupying on time average positions d
placed from the high-symmetry sites, which are locked in
their position in the cooling process. Then, with anneal
and slow cooling the disorder level can be reduced.

In most cases, the prime effect of disorder on a ba
structure is to broaden the electron bands. In this situat
since in Co2NbSn both the magnetic and structural tran
tions are considered to be band structure effects, a hig
disorder level should coincide with lower values ofTS and
TC . This would explain the strong annealing dependence
the characteristic temperatures. To investigate this not
improved band structure calculations either on fully orde
or disordered Co2NbSn would be very useful for a deepe
understanding of this material.

We believe that disorder plays an important role in t
domain wall formation of Co2NbSn. The occurrence of nar
row domain walls in itinerant ferromagnets is unusual. Th
formation requires an anisotropy energyK1 of similar mag-
nitude or larger than the magnetic exchangeJ, a condition
hard to fulfill for itinerant magnets because of their compa
tively small anisotropy energies (K1; 1

100 – 1
10 MJ/m3). In-

stead, narrow domain walls are typically observed in m
nets with good local moments in anisotropic lattices, and
under the influence of strong crystalline electric field~CEF!
anisotropy (K1;1 –10 MJ/m3).20–24

The anisotropy energyK1 can be expressed a
K15 1

2 HAMS (HA anisotropy field!.24 MS is a factor of 6
smaller than that of typical Co ferromagnets, and there
neither pronounced structural nor CEF anisotropy that co
enhanceHA . On the other hand,TC of Co2NbSn is smaller
by a factor 5–10 compared to such other itinerant Co fer
magnets, implying that the ratioK1/J will be comparable to
these systems. Thus, the intrinsic parameters yield no
favoring narrow domain walls.

Instead, we believe that a ‘‘pinninglike’’ mechanism stem
ming from the structural disorder accounts for the format
of narrow domain walls in Co2NbSn. The magnetic anisot
ropy energy will be different in the two local environment
causing a difference in domain wall energiesg: g(L1) and
g(L2). Then, the magnetostatic energy contains a te
}(12x)g(L1)1xg(L2), with x the occupation factor for
domain walls sited inL2. This term takes into account tha
through preferential domain occupation of eitherL1 or L2
regions the magnetostatic energy can be minimized. With
two configurations mixed on an atomic scale, the preferen
occupation will favor domain sizes of the order of the loc
environment size—that is, on an unit cell scale. In con
quence, this mechanism would favor narrow domain wal

In context of the shape memory phenomenon, in the
ture it will be very interesting to study the influence of di
order for Co2NbSn and related compounds. To our know
edge, no investigation of the structural and magne
8-8
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properties on a local scale has been carried out
Ni 2MnGa. With the strong stoichiometry dependence ofTS
in Ni 2MnGa disorder could be an issue, possibly affect
the characteristics of the martensitic transition. On the ot
hand, the occurrence of disorder in Co2NbSn probably re-
flects a structural instability. The interplay of this structu
instability with the band Jahn-Teller induced structural tra
sition will be an interesting topic for future studies.
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