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Structural and magnetic phase transitions in Mn-Ni alloys
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When the Ni concentration exceeds about 18%, Mn-Ni alloys were expected to support two different
noncollinear spin-density wave~SDW! phases. A triple-Q SDW with moments along the crystal diagonals was
believed to appear in the fcc phase betweenTN andTt . Below Tt , the fct phase withc.a was believed to
contain a double-Q SDW with moments in theab plane and at 45° angles from the crystal axes. Based on
resistivity, neutron-scattering, and susceptibility measurements, we show that the structural and magnetic phase
transitions in a Mn12xNix alloy with x'0.20 are actually distinct, with the structural phase transition atTt

'250 K lying far above the magnetic transition atTm'125 K. A Hamiltonian which includes elastic, mag-
netoelastic, and noncollinearity energies is used to describe these two transitions. In the tetragonal phase
betweenTt and Tm , our model predicts a new SDW phase with moments tilted away from the crystal
diagonals toward theab plane. The energy gap in the spin-wave spectrum is predicted to change discontinu-
ously atTm .
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I. INTRODUCTION

The recent observation of a helical spin-density wa
~SDW! in Fe/Cr multilayers1 has renewed interest in the st
bility of noncollinear SDW’s2 in bulk transition metals. In all
likelihood, g-Mn alloys are the simplest bulk metals to su
port noncollinear SDW’s. Because the fcc phase of pure
is only stable at high temperatures,g-Mn is produced by
doping3 with a few percent of Ni, Cu, or Fe. Due to stron
magnetoelastic energies,4–7 the Néel temperatureTN coin-
cides with a cubic-to-tetragonal distortion8–11 in lightly
doped g-Mn alloys. Phenomenological models4,7 suggest
that the experimental phase diagram of Mn-Ni alloys11 repro-
duced in Fig. 1 contains two noncollinear or multiple~M!
SDW’s. When the Ni concentration exceeds about 18%
triple-Q SDW with moments along the crystal diagonals w
predicted in the cubic phase betweenTN andTt . Below Tt ,
the crystal becomes tetragonal withc/a.1. Assuming that
this structural phase transition is also driven by magnetoe
tic energies, then the SDW belowTt was predicted to have
double-Q structure with the spins lying in theab plane and
pointing at 45° angles to the crystal axis. Along with t
collinear, single-Q SDW expected in the tetragonal phase
lightly doped alloys withc/a,1, these twoM SDW con-
figurations are sketched in Fig. 2~a!.

We provide experimental evidence that this picture
wrong. Studies of a Mn-Ni polycrystal with a Ni concentr
tion of 20% and a Ne´el temperature of about 450 K reve
that the magnetic transition between different SDW phase
PRB 610163-1829/2000/61~18!/12159~10!/$15.00
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Tm'125 K lies far below the cubic-to-tetragonal structur
transition atTt'250 K. As first shown almost thirty year
ago,10,11 the cubic-to-tetragonal transition in Mn-Ni alloys
easy to observe using x rays or neutrons. But it has pro
very difficult to distinguish one SDW phase from anothe
Even the presence of noncollinear SDW states ing-Mn al-
loys has been in doubt.12

The usual tool to identify SDW phases is elastic neutr

FIG. 1. The structural phase diagram of Mn12xNix alloys taken
from Ref. 11. As discussed in Sec. IV, the thick curve is believed
coincide with the conditionA(T)5Ac or c11

0 2c12
0 1A(T)50. The

dashed line fromTt to the triple point~denoted by the filled circle!
is the conjectured phase boundary between theS and T SDW
phases, as discussed in the text.
12 159 ©2000 The American Physical Society
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12 160 PRB 61R. S. FISHMANet al.
scattering. But ing-Mn alloys, neutrons are unable to sep
rately distinguish the SDW phases in Fig. 2~a! due to the
contribution of different domains.8,13 If only a single SDW
domain was present, the SDW phases would be easy to
apart: while all magnetic satellites would appear for theT
SDW structure, only 1/2 of those satellites would be act
for theD SDW structure, and only 1/3 would be active in th
SSDW structure. But after averaging over the three poss
domains of theS and D SDW phases, the elastic scatterin
from each magnetic state becomes identical.

As alternatives to neutron-scattering, Mo¨ssbauer
transmission,14 and g-ray emission15 measurements hav
been tried. Both techniques suggested the presence oM
SDW phases in Mn-Ni and Fe-Mn alloys. However, it wou
be cumbersome to use such atomic-scale probes to ma
SDW phase as a function of doping and temperature.

Very recently, two of us~R.F. and S.L.! demonstrated16

that the magnetic susceptibility of the three SDW configu
tions in Fig. 2~a! are slightly different, even after averagin
over possible SDW domains. Consequently, the transi
from one SDW configuration to another will be marked by
small jump in the susceptibility. Depending on the relati
sizes of the electron and hole Fermi surfaces, which nes
produce the SDW order ing-Mn alloys,17 the susceptibility
can jump up or down. The magnetic susceptibility may
the only bulk probe able to easily distinguish one SD
phase from another in the presence of multiple domains18

Susceptibility measurements on the Mn-Ni sample
scribed above detected a magnetic transition at about 12
The susceptibilty of the low-temperature phase is about 3
smaller than that of the high-temperature phase. No sig
cant change in the susceptibility was observed at the st
tural phase-transition temperature of 250 K.

To explain the distinct structural and magnetic transitio
we construct a phenomenological model which includes b
elastic and magnetoelastic contributions. The noncollin

FIG. 2. ~a! TheS, D, andT SDW phases which are stabilized
different crystal structures.~b! The proposedT8 SDW phase be-
tweenTt andTm .
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M SDW states are stabilized by a noncollinearity ene
ENC, which is produced by the difference between the M
and Ni moments.19,20 We have constructedENC to favor the
T SDW phase over theD SDW phase and theD SDW phase
over theS SDW phase.

Our model assumes that the softening ofc112c12 breaks
the cubic symmetry belowTt . So the transition atTt is not
driven by magnetoelastic interactions. Rather, the magn
structure belowTt responds to the tetragonal distortion b
tilting towards theab plane. When the tetragonality becom
sufficiently large, the SDW transforms from a ‘‘tilted’’T
SDW ~or T8 SDW! state to aD SDW state.

Just belowTN , this model predicts the formation of eithe
a SSDW state for small Ni concentrations or aT SDW state
for larger Ni concentrations. In agreement with experimen
we conclude that theD SDW phase is never stable just belo
the Néel transition. In fact, theD SDW phase must be pre
ceeded at a higher temperature by a structural phase tr
tion into a tetragonal state withc.a.

This paper is divided into four sections. Section II co
tains our experimental results for the structural and magn
phase transitions. In Sec. III, we present a simple mo
which describes the distinct structural and magnetic ph
transitions. Finally, Sec. IV contains a discussion and c
clusion. An appendix contains some results for the ela
constants of our model Hamiltonian.

II. STRUCTURAL AND MAGNETIC PHASE TRANSITIONS

The Mn-Ni samples were prepared by arc melting in
argon atmosphere from Mn~99.98%! and Ni ~99.99%!
pieces obtained from Johnson Matthey. Each ingot w
flipped and remelted several times to promote homogene
A starting composition of Mn0.81Ni0.19 produced a final com-
position of Mn0.80Ni0.20 due to volatilization of Mn. After arc
melting, the samples were sealed under vacuum in si
tubes, annealed for 2 days at 950°C, and then quenche
room temperature.

A. Resistivity

Resistivity measurements were performed using a c
ventional linear four-probe method. Contacts to the sam
were made using Cu wires and Epotek H20-E silver epo
As shown in Fig. 3, the resisitivity above 250 K is fit rath
well by a linear temperature dependence. Deviation from
linear fit occurs below 250 K, with the resistivity initially
dropping below the linear fit and then passing above it at 1
K. As confirmed in the next subsection, the deviation of t
resistivity from linearity marks the cubic-to-tetragonal atTt
'250 K. There is no obvious signature in the resistivity
the magnetic phase transition atTm'125 K.

B. Neutron-scattering results

A 2.1 g sample of Mn0.80Ni0.20 was studied in an elastic
neutron scattering experiment21 performed on the HB1
triple-axis spectrometer at the High Flux Isotope Reactor
Oak Ridge National Laboratory. Data was collected betwe
50 and 275 K. Although we did not heat the sample to det
the Néel transition, previous work11 suggests thatTN
'450 K.
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As the sample was rotated, we observed a small varia
in the Bragg peak intensity due to the texture of the sam
Subsequently, we repeated the measurements at 2° ste
crements of the sample angle. At each temperature, ten
data sets were averaged to eliminate the texture effects.

In Figs. 4~a! and 4~b!, we plot the scattering intensit
profiles at 275 and 225 K as a function of the moment
transferQ near the$200% reflections. The peaks were broa
ened by the finite resolution of the spectrometer22 dQ
50.04 Å21 and the peak profiles were approximated
Gaussians, which are drawn as solid curves. Only a sin

FIG. 3. ~a! The resitivity of Mn-Ni versus temperature. Th
dashed line is a linear fit to the resistivity above 250 K.~b! The
difference between the resistivity and the linear fit showing
resistivity anomaly at 250 K.

FIG. 4. Neutron-scattering intensity profiles as a function of
momentum transferQ for ~a! 275 K and~b! 225 K. The scans were
taken at the$200% Bragg points.
n
e.
in-
ch

le

Gaussian was required to fit the data at 275 K, which in
cates that the reflections from the~200!, ~020!, and ~002!
lattice planes overlapped. The crystal structure at 275 K w
cubic with the lattice parametera5c53.704 Å. By con-
trast, a double Gaussian was required to fit the intensity p
file at 225 K. The peak height at the lower scattering angle
about half of the peak height at the higher scattering an
which is expected for a tetragonal distortion. Since the low
peak was shifted downwards compared to the cubic struc
while the higher peak was shifted upwards, we conclude
c.a in the tetragonal phase. Based on the fit at 225 K,
obtain the lattice parametersc53.728 Å anda53.690 Å.
The integrated intensity of the profile at 275 K is identic
within experimental error, to that at 225 K. These results
all consistent with a cubic-to-tetragonal phase transition.

The lattice parameters are plotted as a function of te
perature in Fig. 5~a!. Clearly, the structural phase transitio
occurs between 275 and 225 K. As the temperature decre
further, the neighboring basal plane distancec increases
while the basal planes continue to contract. Using the m
sured lattice parameters, we find that the unit cell volu
decreases almost linearly with decreasing temperature.
tetragonalityt512c/a is plotted in Fig. 5~b!. Extrapolating
t to zero temperature yields a value ofc/a between 1.016
and 1.017. Our results are consistent with measurem
made by Uchishiba10 and Hondaet al.11 who obtained low-
temperaturec/a ratios of 1.011 and 1.014, respectively, o
Mn-Ni alloys of similar composition. While our data is no
good enough to distinguish the order of the structural ph
transition, the work of Uchishiba and Hondaet al. suggests
that it is second order.

C. Susceptibility measurements

Magnetic studies of the Mn-Ni alloy were conducted in
SQUID-based magnetometer~Quantum Design mode
MPMS-7!. A 0.9377 g sample was cut from the same ing
as the resistivity and neutron-scattering samples. This sam
was mounted with thread in a thin-wall plastic tube for me
surements with a scan length of 4 cm. The isothermal m
netization was measured at several temperatures betwe

e

e

FIG. 5. ~a! Lattice parametersa andc versus temperature, show
ing a cubic-to-tetragonal phase transition between 275 and 22
~b! The tetragonalityt512c/a versus temperature.
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FIG. 6. Magnetization for fields of~a! 1000
G, ~b! 100 G, and~c! 10 G with arrows indicating
whether the data was taken during cooling
heating. The field-cooled magnetization for 1
kG is shown in~d!. After this field is removed,
we obtain the remnant magnetization in~e! and
the normalized relaxation rateS in ~f!, as de-
scribed in the text.
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and 300 K, in applied magnetic fieldsH up to 65 kG. Over-
all, the magnetic response was very nearly linear and rev
ible at all temperatures.

The temperature dependence of the magnetizationM was
obtained by cooling the sample in zero field to 5 K, at whi
point the field was applied and trapped in the supercond
ing solenoid. Then the magnetic moment was measured
fine grid of temperatures while warming to 360 K; subs
quent field-cooled measurements were conducted while
cooling to 5 K.

Results of these magnetic studies are shown in Figs. 6~a!-
6~c! for fields of 1000, 100, and 10 G. The most strikin
feature is the structure near 125 K, which lies far below
structural transition at 250 K. The sharp drop in the susc
tibility at 125 K is of the same order predicted by Fishm
and Liu16 and may be ascribed to a magnetic phase transi
between two different SDW phases. The only magnetic f
ture obviously correlated with the cubic-to-tetragonal tran
tion is a broad, very shallow minimum in the magnetizatio

The hysteretic behavior seen in Fig. 6~c! for a field of 10
G is somewhat reminiscent of the spin-glass transition
served in MnCu alloys.23 To further characterize this behav
ior, we performed a series of magnetic relaxation meas
ments. After applying a field of 10 kG at 300 K, the MnN
sample was field-cooled to temperatureT with magnetization
M (T) plotted in Fig. 6~d!. The field was subsequently re
moved and the magnet in the SQUID magnetometer
rs-

t-
a

-
e-

e
p-

n
-

i-
.

-

e-

s

‘‘reset’’ ~heated above the superconducting transition te
perature of the windings! to release any trapped field. F
nally, the remnant magnetizationM (t) plotted in Fig. 6~e!
was measured as a function of timet for a period of one
hour. The time dependence ofM (t) was used to obtain the
normalized relaxation rate~the magnetic viscosity! S
52d ln(M)/d ln(t), which is plotted in Fig. 6~f!.

All of these measurements indicate that the susceptib
anomaly at 125 K is not associated with the hysteretic
havior of the sample at low fields. From Fig. 6~d!, we find
that the field-cooled magnetization in the 10 kG field is lar
and exhibits the same transition at 125 K as observed
lower fields. If produced by a spin-glass transition, t
anomaly would be suppressed at higher fields.24 As shown in
Fig. 6~e!, the remnant magnetizationM rem is small compared
with the signal observed inH51 and 10 kG. The vertica
arrows in frames~a! and~e! of Fig. 6 show identical change
in M of 1024 G cm3/g; in frame ~d!, this range is smaller
than the symbol size. Also notice that the remnant magn
zationM rem is featureless below 300 K. In Fig. 6~f!, we find
that the magnetic relaxation rateS(T) is also small and fea-
tureless in the region of the SDW transition near 125 K.
illustrate that the change inM rem during the hour of measure
ment is small, all measured values are collected in Fig. 6~e!.
Finally, analysis of the isothermal magnetization,M (H)
5x lH1xnlH

3, reveals that the nonlinear termxnl vanishes
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~within two standard deviations!. In contrast to the expecta
tion for a spin-glass transition,25 no change inxnl was ob-
served near 125 K.

Because there is no sudden onset of large-scale gl
behavior~time-dependent or nonlinear effects! at 125 K, we
conclude that the susceptibility anomaly is not associa
with a spin-glass transition. The weak glassiness observe
a 10 G field may be attributed to the freezing of the
moments in a disordered alloy. But we emphasize that th
effects are small compared with the SDW transition at 1
K.

At low temperatures below 40 K there is an upturn in t
magnetization that follows a Curie 1/T dependence. The ob
served signal corresponds to an effective moment
0.023mB per atom. We have verified that this feature is mo
pronounced in dirty samples and so is likely caused by c
tamination of the sample surface.

III. MODEL FOR THE STRUCTURAL AND MAGNETIC
TRANSITIONS

In the next three subsections, we present a model for
separate structural and magnetic phase transitions obse
in Mn-Ni. First, we construct a model Hamiltonian, then w
discuss the SDW ordering betweenTN and the structura
transition atTt , and finally, we describe the SDW orderin
below Tt .

A. Model Hamiltonian

In addition to the three magnetic phases previously p
posed for cubic and tetragonal Mn-Ni alloys, we also co
sider a fourth SDW phase which interpolates between th
The average spinsM i5^Si& of the S, D, T, and tiltedT ~or
T8) SDW spin structures may be written as

M i5Mẑ cos~Qz•Ri !, ~1a!

M i5
1

A2
M @ x̂ cos~Qx•Ri !1 ŷ cos~Qy•Ri !#, ~1b!

M i5
1

A3
M @ x̂ cos~Qx•Ri !1 ŷ cos~Qy•Ri !1 ẑ cos~Qz•Ri !#,

~1c!

M i5
1

A3
M $A11n/2@ x̂ cos~Qx•Ri !1 ŷ cos~Qy•Ri !#

1A12n ẑ cos~Qz•Ri !%, ~1d!

where Qx52p x̂/a, Qy52p ŷ/a, Qz52p ẑ/c, and
cos(Qg•Ri)561. These relations are obtained by replaci
the sharply peaked Bloch wave functions of thed-band elec-
trons by delta functions in the spin density. While theT
SDW phase of Eq.~1c! maintains cubic symmetry, theT8
SDW phase of Eq.~1d! with nÞ0 violates it. Note that the
T8 SDW phase reduces to theT SDW phase whenn50, to
the S SDW phase whenn522, and to theD SDW phase
whenn51.

Our model Hamiltonian contains five different terms
sy

d
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H5H01HCoul1Hel1Hme1HNC, ~2!

whereH0 is the kinetic energy of the electrons and holes a
HCoul is the Coulomb attraction between the electrons a
holes on nearly nested Fermi surfaces.7 Although essential to
obtain the magnetizationM (T), H0 andHCoul play no role in
selecting the phase of the SDW. So we shall not disc
them further. The other three energies are explicitly given

Hel5VH 1

2
c11

0 ~exx
2 1eyy

2 1ezz
2 !1c12

0 ~exxeyy1eyyezz1ezzexx!

1
2

9
A~ tx

21ty
21tz

2!1U~ tx
21ty

21tz
2!21W~ tx

41ty
41tz

4!J ,

~3!

Hme5VH g1

N (
i

~Six
2 exx1Siy

2 eyy1Siz
2 ezz!1~exx1eyy1ezz!

3Fg2

N (
i

~Six
2 1Siy

2 1Siz
2 !

1
g3

N (
i

~Six
4 1Siy

4 1Siz
4 !G J , ~4!

HNC5VjH 1

N (
i

~Six
2 1Siy

2 22Siz
2 !J 2

, ~5!

wheretx5(eyy1ezz)/22exx , ty5(ezz1exx)/22eyy , and tz
5(exx1eyy)/22ezz are the tetragonalities,e i i are the strain
components,c11

0 andc12
0 are elastic constants, andgi are the

magnetoelastic coupling strengths. We assume thatc11
0 and

c12
0 are independent of temperature so that the struct

phase transition is driven by the temperature dependenc
A(T).

Above Tt , cubic symmetry requires thattx5ty5tz . Be-
low Tt , cubic symmetry is broken withtx5ty52tz/2
[2t/2. The quartictz

4 coefficient is then given byB59(U
1W/2), which must be positive for the structural phase tra
sition to be second order. The total elastic constantsci j of the
cubic and tetragonal phases are summarized in the Appe
along with the stability criterion for those phases. In partic
lar, we find that stability of the cubic structure requiresc11

2c125c11
0 2c12

0 1A to be positive.
For convenience, we have neglected off-diagonal str

components such aseyz . Off-diagonal strain components ar
much smaller than the diagonal components if the ela
constantc44 is much larger than the constantsc11 andc12 of
the cubic structure. Sincec44 is not involved in the tetragona
instability in Mn-Ni and Fe-Mn alloys, this approximation i
justified.

Our model for the tetragonal transition takes strain as
primary order parameter. In an alternative formulation,26 a
soft mode would act as the primary order parameter driv
the structural phase transition. Playing the role of second
order parameter, strain would then couple to the square
the primary order parameter. There are several reasons
our decision to use strain as the primary order parame
First, the theory is a bit simpler this way. Second, expe
ments by Lowdeet al.27 indicate that the softening ofc11
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2c12 preceeds the tetragonal transition. Third, it is not cl
what soft mode would drive the tetragonal transition ing-Mn
alloys. In any case, a model built upon a soft mode produ
the same qualitative conclusions as the model developed
low.

Physically, the noncollinearity energy arises from the d
ference between the Mn and impurity moments, wh
causes the Mn moments to tilt away from each other.19,20

This effect is most pronounced in Mn-Cu alloys, where t
Cu atoms carry no moment and even in theS SDW phase,
the Mn moments are inclined about 5° from thez axis.28 The
noncollinearity energy in Eq.~5! yields the expectation valu
Vjn2M4. In terms of the average spinM i or the angleu
defined in Fig. 2~b!, the ‘‘tilt’’ is given by n5(Mix

2 1Miy
2

22Miz
2 )/M25123 cos2u. Therefore,n can be viewed as the

magnetic tetragonality. In the absence of magnetoelastic
ergies, deviations from theT SDW state withunu,1 have the
same energy regardless of whether the moments tilt tow
the ab plane (n.0) or towards thec axis (n,0).

Both the noncollinearity and quarticg3 energies act to
stabilize aT8 SDW state withnÞ0 in the tetragonally dis-
torted lattice betweenTt and Tm . To see this, replace th
magnetoelastic and noncollinearity energies with the eff
tive Hamiltonian

Hmen8 52(
i

Bi•Si1const, ~6!

Big522
V

N
$g1egg1~g212g3Mig

2 !~exx1eyy1ezz!

1~226dgz!njM2%Mig . ~7!

Within this mean-field approximation, every electron a
hole independently experiences the effective fieldBi exerted
by the magnetoelastic and noncollinearity energies. For e
magnetic phase, stability requires thatBi is parallel toM i .
Without the noncollinearity and quartic terms, only theS or
D SDW phases could be stable in a tetragonally distor
crystal. But withj and g3 nonzero, theT8 SDW phase is
stabilized with tilt

n52
g1t

~g3s16j!M2
, ~8!

wheres[DV/V5exx1eyy1ezz52exx1ezz is the fractional
volume change belowTN .

We shall see that theg3 term is also important for deter
mining the order of the magnetic transition atTm . When
g350, the transition is second order with the tilt of theT8
SDW matching the tilt of theD SDW atTm . Wheng3Þ0,
the transition is first order with the tilt of the SDW changin
discontinously atTm . We realize that theg3 contribution in
Eq. ~4! is not the only quartic energy consistent with cub
symmetry which can produce a first-order transition. For
ample, the quartic termg4( i(exxSix

4 1eyySiy
4 1ezzSiz

4 ) also
does the trick. However, other quartic terms have qual
tively the same effect as theg3 term and would needlessl
complicate our model. So to keep the theory as simple
possible, we shall retain only the singleg3 quartic term.
r

s
e-

-
h

e

n-

rd

-

ch

d

-

-

s

Minimizing the Hamiltonian with respect to the stra
components, we find that the relative volume change be
TN is

s52
g113g21g3M2~11n2/2!

c11
0 12c12

0
M2 ~9!

and that the tetragonalityt is obtained from the cubic equa
tion

t31
2~A2Ac!

3B
t1M2

g1

3B
n50, ~10!

whereAc[c12
0 2c11

0 . For A.Ac ,29 the crystal remains cubic
with t50 andn50. ForA,Ac , the crystal becomes tetrag
onal with tÞ0. Above Tt , Eqs. ~A2! and ~A3! imply that
A2Ac5c112c12. Hence, the vanishing ofA2Ac corre-
sponds to the softening ofc112c12, which has been
observed27 to preceed the tetragonal transition in a series
Mn-Ni-C alloys. Notice that this tetragonal instability is no
driven by the magnetoelastic energies. Close toTt , c11
2c12 is a linear function of temperature27 andA2Ac can be
replaced bya(T2Tt) with a.0.

In terms of the volume expansion and tetragonality,
combined magnetoelastic and noncollinearity energy of
S, D, andT SDW states is given by

Emen

V
52

1

6
s2~c11

0 12c12
0 !1

1

3
tH ~c11

0 2c12
0 1A!t1M2g1n

1
3

4
Bt3J 1jn2M4, ~11!

which does not include the kinetic and Coulomb terms. N
surprisingly, minimizingEmen with respect tot for fixed n
yields Eq. ~10!. For a fixed t, the condition]Emen/]n50
yields Eq.~8!, which was obtained above from the conditio
that the effective fieldBi is parallel toM i . Bear in mind,
however, that Eq.~8! may produce a maximum inEmen, in
which caseS and D SDW’s with n522 and 1 will have
lower energies.

The magnetoelastic constantsg1 andg2 are assumed to be
of the same order with respect to each other but rather s
compared to the elastic constants except very close toTt .
Since the observed volume contraction in Mn-Ni is abo
1%, we expect that (g113g2)/c11;0.01. It is likely that the
quartic coefficientg3 is an order-of-magnitude smaller tha
the quadratic coefficientsg1 andg2.

Not too close toTt , the approximation

uA~T!2Acu3@Bg1
2M4 ~12!

or uT2Ttu3@Bg1
2M4/a3 should hold rather well. This con

dition will be used to solve for the tetragonality in the tw
subsections below.

B. SDW ordering betweenTN and Tt

Applying Eq.~12! whenA(T).Ac or T.Tt , the tetrago-
nality belowTN is given by
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t~T!'2M ~T!2n
g1

2

1

A~T!2Ac
, ~13!

with a next-order term of orderg1
3M (T)6B/@A(T)2Ac#

4.
Substituting this value into Eq.~11!, we obtain the energy o
a generalT8 SDW state

Emen

V
52

1

6
M4

@g113g21g3M2~11n2/2!#2

c11
0 12c12

0

2H g1
2

12

1

A2Ac
2jJ n2M4. ~14!

Close toTN , the (g113g2)g3(11n2/2)M6 term can be ne-
glected compared to then2M4 term. Then the SDW phas
must minimize then2M4 term in Eq.~14!.

Recall that the noncollinearity parameterj is expected to
increase with the Ni or Fe concentration. Whenj50, the
n2M4 term is negative and theSSDW ~with n522) has the
lowest energy close toTN . The T SDW ~with n50) is fa-
vored over theS SDW when then2M4 term becomes posi
tive or whenj exceeds

j05
g1

2

12

1

A~TN!2Ac
. ~15!

Consulting the phase diagram in Fig. 1, we see thatTt ap-
proaches quite close toTN at the top of the cubic-to-
tetragonal phase boundary. Soj0 will be quite large forx
'16%. Therefore, theT SDW phase is only stabilized fo
higher values ofx, whenTt drops sufficiently far belowTN
that j0,j. For this reason, we construct the dashed ph
boundary~not yet fixed by any experimental data! between
theSandT SDW states to approach the triple point from t
left. The stability of theT SDW phase against tilting abov
Tt is guaranteed by the condition]2Emen/]n2un50.0, which
requires thatg3s16j.0.

If A(T).Ac for all temperatures, then the energetics
the SDW configurations would be determined by Eq.~14!,
including terms of orderM6 andM8. The transition from aT
to aSSDW, as in Fe-Mn alloys,9 can be easily described b
this model. WhenA(T).Ac for all temperatures, the struc
tural phase transition atTt is induced by magnetoelastic en
ergies andTm5Tt . Since each term in Eq.~14! favors either
the S or T SDW phase, theD SDW phase is unstable whe
A(T).Ac . It follows that, whereas Fe-Mn alloys can b
completely described by Eq.~14!, Mn-Ni alloys require a
tetragonal instability, induced by the softening ofA(T)
2Ac5c112c12, to accommodate theD SDW phase. We
shall return to this point in Sec. IV.

C. SDW ordering below Tt

As shown in the appendix, the stability of the tetragon
phase belowTt requires thatA(T),Ac . Using Eqs.~10! and
~12!, we obtain the tetragonality

t~T!'6A2@Ac2A~T!#

3B
2

1

4
M ~T!2g1n~T!

1

Ac2A~T!
,

~16!
e

f

l

where the first term dominates the second due to Eq.~12!.
Although the overall sign oft belowTt is not determined by
this model, we expect material parameters to break the s
metry between positive and negative tetragonalities.

Inserting this expression into Eq.~11!, we find that the
energy of a generalT8 SDW is given by

Emen

V
52

1

6
M4

@g113g21g3M2~11n2/2!#2

c11
0 12c12

0
2

~Ac2A!2

9B

1
A6

9
M2g1nAAc2A

B
sgn~ t !1jn2M4. ~17!

This energy favors a negative value ofg1n sgn(t) so that
the preferred tilt of theT8 SDW phase depends on the sign
the tetragonality. Since theS andD SDW phases are stabl
in crystals witht.0 andt,0, respectively,g1 must be posi-
tive.

For a tetragonal phase witht.0, such as in Fe-Mn alloys
theT8 SDW would tilt towards thec axis and transform into
a S SDW belowTt . But as argued in the next section, th
structural and magnetic transitions must coincide in Fe-
alloys. Hence, the theory developed in this subsection w
A(T),Ac applies only to Mn-Ni alloys.

Within the tetragonal phase of Mn-Ni alloys witht,0,
the T8 SDW transforms into aD SDW belowTm , which is
given to lowest order ingi by

Ac2A~Tm!

B
5

27j2M ~Tm!4

2g1
2 @11n~Tm

1!#2, ~18!

Together with Eq. ~12!, this relation implies thatg1
4

!j3M4B. Notice thatAc2A(Tm)5a(Tt2Tm) grows with
increasing impurity concentration~increasingj) and with
decreasingTm ~increasingM ).

BetweenTt and Tm , the moments of theT8 SDW state
tilt towards theab plane. Just aboveTm , the tilt is given by

n~Tm
1!5

3j

g3s13j
. ~19!

The inequalityn<1 requires thatg3s>0, which also guar-
antees the stability of theT SDW phase. Due to the observe
volume compression11 belowTN , we conclude thatg3<0. If
g350, then the transition atTm would be second order an
the tilt of the T8 SDW just aboveTm would exactly match
the tilt n51 of the D SDW belowTm . Of course, the ob-
served jump in the magnetic susceptibility atTm implies that
g3 is nonzero in Mn-Ni alloys. So we expect the tilt of theT8
SDW just above the first-order transition atTm to be smaller
than the tilt of theD SDW belowTm .

For g3,0, this model predicts a small change in the t
ragonality atTm . But Eqs.~16!, ~18!, and~19! may be used
to show that the relative change int at Tm is given by

tT82tD

tT8
52

g1
4g3s

162BM~Tm!4j3

~g3s13j!2

~g3s16j!3
,0, ~20!
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which is very small forg1
4!j3M4B. The measurements o

Hondaet al.11 and the neutron-scattering results of Fig. 5~b!
suggest that the drop int below Tm is too small to be mea
sured.

As discussed in previous work,7 the formation of a SDW
in a fcc crystal differs from its formation in a bcc cryst
because only 1/3 of the holes are paired to electrons in
electron-hole condensate. While the holes in the conden
experience an energy gapD(T)}M (T), the remaining holes
are unaffected by the formation of the SDW. Although t
quasiparticle energies are redistributed atTm , the number of
holes which experience an energy gap remains the sam
both sides of the transition. Consequently, the energy
itself is unaffected by the magnetic transition and the re
tivity is not expected to show any signature of a phase tr
sition between different magnetic configurations with t
same crystal structure. Of course, this is consistent with
resistivity measurements presented in Sec. IIA.

IV. DISCUSSION AND CONCLUSION

In this paper, we have shown that the magnetic and st
tural phase transitions in a Mn-Ni alloy occur at differe
temperatures. The structural phase transition from cubi
tetragonal atTt'250 K was determined using resistivit
and neutron-scattering measurements; the magnetic tr
tion atTm'125 K was detected in the magnetic susceptib
ity. While the tetragonality is continuous acrossTm , the
magnetic susceptibility is continuous acrossTt .

Starting with the premise that the tetragonal phase tra
tion atTt is induced by the softening ofc112c12, we devel-
oped a phenomenological model for the temperature de
dence of the SDW phase. BetweenTt and Tm , this model
predicts a new SDW phase, with moments tilted away fr
the crystal diagonals towards theab plane.

Returning to the structural phase diagram of Mn-Ni allo
in Fig. 1, we conjecture that the conditionA(T)5Ac or c11

0

2c12
0 1A(T)50 coincides with the thick curve along th

tetragonal-to-orthorhombic and cubic-to-tetragonal ph
boundaries. Since the tetragonal distortion withc,a is in-
duced by magnetoelastic energies, the elastic const
$c11,c12% of this tetragonal phase are identical to the elas
constants$c11,c12% of the cubic phase. Hence, the conditio
c112c125c11

0 2c12
0 1A(T).0 is required for the stability of

both the cubic and tetragonal (c,a) phases in Fig. 1. Since
the thick curve never crosses the Ne´el temperature, the alloy
remains cubic aboveTN .

Based on these considerations, we propose the mag
and structural phase diagram of Fig. 7. It is easy to show
the magnetic transition temperatureTm cannot intersectTt .
Therefore,Tm must intersect the orthorhombic phase boun
ary belowTt . For Ni concentrations just to the left of th
triple point, Fig. 7 permits a series of magnetic phase tra
tions fromS to T to T8 to D SDW states.

Similar to MnNi alloys, FeMn alloys also undergo a stru
tural phase transition from cubic to tetragonal. The work
Endoh and Ishikawa9 on (FexMn12x)0.95Cu0.05 alloys has
been used to construct the structural phase diagram of Fi
Notice that the Fe-Mn phase diagram contains only two
ferent structural phases, fewer than the four structural ph
present in the phase diagram of Mn-Ni alloys. Therefo
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Fe-Mn alloys may not permit the same wealth of magne
behavior as Mn-Ni alloys.

In fact, the magnetic and structural phase transitions
Fe-Mn alloys must coincide. To see this, suppose that
softening of c112c12 is responsible for the cubic-to
tetragonal phase transition in Fe-Mn alloys. Then the con
tion A(T)5Ac or c112c1250 would follow the cubic-to-
tetragonal phase boundaryTt and continue to hold along th
dashed line aboveTN in Fig. 8. As a result, Fe-Mn alloys
would be tetragonal aboveTN to the left of the triple point.
Since Fe-Mn alloys are always cubic aboveTN , this cannot
be the case. Therefore, theT-to-S SDW transition in Fe-Mn
alloys should be described by Eq.~14! with Ac,A(T) and
Tm5Tt . Correspondingly, we do not expect the softening
c112c12 to preceed the cubic-to-tetragonal transition
Fe-Mn alloys.

Recent measurements30 support these ideas. Resistivit
and susceptibility measurements indicate that the struct
phase transition in Fe-Mn coincides with the magnetic tr
sition. Unlike in Mn-Ni, the field-cooled and zero field
cooled susceptibilities of Fe-Mn are almost identical for
fields. So there is no sign of hysteretic behavior in Fe-M
This substantiates our previous conjecture that the wea

FIG. 7. The proposed magnetic and structural phase diagram
Mn-Ni alloys, indicating the 20% Ni concentration studied in th
paper.

FIG. 8. The magnetic and structural phase diagram of Fe-
alloys, based on the work of Ref. 9. If the conditionc112c1250
coincided with the cubic-to-tetragonal phase boundary, then
condition would continue to hold along the dashed line aboveTN .
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hysteretic behavior in Mn-Ni is due to the freezing of the
moments.

As discussed in the previous section, the effective fi
Bi5zM i must be parallel to the momentM i at every sitei.
The spin-wave~SW! gapDSW evaluated in Ref. 7 was foun
to be proportional toAzMTN ~the typical SW gap in MnNi
and FeMn alloys31,32 is about 10 meV!. Since the magnitude
of the effective fieldBi changes atTm , the SW gap must also
change acrossTm . To evaluate the relative size of th
change, we use Eqs.~7! and ~8! to find

zT852
2V

3N
s~g113g212g3M2!, ~21!

zD52
2V

3N
$g1t1s~g113g213g3M2!16jM2%. ~22!

It follows that

~DSW
T8 !22~DSW

D !2

~DSW
T8 !2

5
zT82zD

zT8
;2

g3

g113g2
M ~Tm!2>0,

~23!

which is a direct measure of the relative size of the qua
magnetoelastic term. Ifg350, then theT8 SDW would
smoothly evolve into theD SDW, the magnetic susceptibilit
would be continuous, and the SW gap would show no si
of the magnetic transition. But our susceptibility measu
ments suggest that the quartic term is nonzero. Wheng3
,0, the SW gap decreases discontinuously belowTm . A
similar change in the SW gap isnot expected in Fe-Mn al-
loys because the cubic-to-tetragonal transition belowTN has
a magnetoelastic origin. Hence, the SW gap of Fe-Mn all
should be a continuous function of temperature. We hop
test these predictions in the near future.

Several open questions remain. Our proposed form for
noncollinearity energy must be verified through phenome
logical or first-principles calculations. There are some in
cations that the models developed in Ref. 16 and in Sec
are incomplete. Although Ref. 16 predicted a sharp chang
the susceptibility atTm , the susceptibility plotted in Fig. 6
changes more gradually. This may reveal the coexistenc
D andT SDW states over some range of temperatures be
Tm .

We are uncertain whether the present model is suffic
to understand the orthorhombic phase of Mn-Ni alloys.
seems likely that the magnetic and structural phase tra
tions in the orthorhombic phase are also distinct, but t
needs to be studied both experimentally and theoretica
Experiments are also required to examine the structural
magnetic phase boundaries of Mn-Ga alloys, which are
ported to have a phase diagram similar to that of Mn
alloys.33

Obviously, a great deal more experimental work is
quired to redraw the magnetic phase boundaries ofg-Mn
alloys. We hope that the present work provides a roadm
for future exploration of this fascinating system.
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APPENDIX: ELASTIC CONSTANTS

Above Tt , the elastic energy can be written

Hel5VH 1

2
c11~exx

2 1eyy
2 1ezz

2 !1c12~exxeyy1eyyezz

1ezzexx!J , ~A1!

with elastic constants

c115c11
0 1

2

3
A, ~A2!

c125c12
0 2

1

3
A. ~A3!

Below Tt , the cubic symmetry is broken and the tetrag
nal elastic energy must be written

Hel5VH 1

2
c11~exx

2 1eyy
2 !1

1

2
c33ezz

2 1c12exxeyy

1c13~eyyezz1ezzexx!J , ~A4!

with elastic constants

c115
1

2
~c11

0 1c12
0 !2

1

3
A, ~A5!

c3352c11
0 12c12

0 2
4

3
A, ~A6!

c125
1

2
~2c11

0 13c12
0 !2

1

3
A, ~A7!

c135c11
0 1

2

3
A. ~A8!

It is important to keep in mind that the strain components
Eq. ~A4! are about the new tetragonal structure. So negle
ing the magnetoelastic energies,e i i 50 in equilibrium. By
contrast, the strain components used in Sec. III, for exam
to construct the tetragonalityt5(exx1eyy)/22ezz, are de-
viations from the paramagnetic cubic system. So even in
absence of magnetoelastic energies,tÞ0 for T,Tt .

Forgetting about the magnetoelastic energy, the stab
of the cubic structure betweenTN and Tt requires thatc11

2c125A(T)2Ac.0 and c1112c125c11
0 12c12

0 .0. Below
Tt , the stability of the tetragonal structure requires thatc11

2c125c11
0 2c12

0 52Ac.0 and that the solutionsl to the
quadratic equation

~c111c122l!~c332l!22c13
2 50 ~A9!

are both positive. Using Eqs.~A5!–~A8!, these last condi-
tions becomec11

0 12c12
0 .0 and c12

0 2c11
0 2A.0. Hence,

A(T)2Ac must be negative belowTt for the tetragonal
phase to be stable.
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