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When the Ni concentration exceeds about 18%, Mn-Ni alloys were expected to support two different
noncollinear spin-density wa&DW) phases. A tripl€Q SDW with moments along the crystal diagonals was
believed to appear in the fcc phase betwd@gnandT,. Below T, the fct phase witlt>a was believed to
contain a doubl& SDW with moments in theb 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 Mp_,Ni, alloy with x~0.20 are actually distinct, with the structural phase transitiom,at
~250 K lying far above the magnetic transitionTgt~125 K. A Hamiltonian which includes elastic, mag-
netoelastic, and noncollinearity energies is used to describe these two transitions. In the tetragonal phase
betweenT, and T,,, our model predicts a new SDW phase with moments tilted away from the crystal
diagonals toward thab plane. The energy gap in the spin-wave spectrum is predicted to change discontinu-
ously atT,.

. INTRODUCTION Tm~125 K lies far below the cubic-to-tetragonal structural
transition atT;~250 K. As first shown almost thirty years
The recent observation of a helical spin-density waveago!®*'the cubic-to-tetragonal transition in Mn-Ni alloys is

(SDW) in Fe/Cr multilayer$ has renewed interest in the sta- easy to observe using x rays or neutrons. But it has proven
bility of noncollinear SDW’$ in bulk transition metals. In all  very difficult to distinguish one SDW phase from another.
likelihood, y-Mn alloys are the simplest bulk metals to sup- Even the presence of noncollinear SDW stateg-kin al-
port noncollinear SDW's. Because the fcc phase of pure Mroys has been in doubit.
is only stable at high temperatureg;Mn is produced by The usual tool to identify SDW phases is elastic neutron
doping® with a few percent of Ni, Cu, or Fe. Due to strong

magnetoelastic energids’ the Neel temperatureTly coin- 600 cubic

cides with a cubic-to-tetragonal distortfoii® in lightly 500

doped y-Mn alloys. Phenomenological modéls suggest LY

that the experimental phase diagram of Mn-Ni alfdyspro- 400+ c<a

duced in Fig. 1 contains two noncollinear or multighd)

SDW'’s. When the Ni concentration exceeds about 18%, a € 004

triple-Q SDW with moments along the crystal diagonals was = cubic

predicted in the cubic phase betweggpandT,. Below T,, 200+ ¢c>b>a c=a

the crystal becomes tetragonal witha>1. Assuming that orthorombic

this structural phase transition is also driven by magnetoelas- 1004

tic energies, then the SDW beloly was predicted to have a

doubleQ structure with the spins lying in theb plane and , , ,

pointing at 45° angles to the crystal axis. Along with the 10 15 20 25 0
collinear, single® SDW expected in the tetragonal phase of at% Ni

lightly doped alloys withc/a<1, these twoM SDW con- FIG. 1. The structural phase diagram of MgNi, alloys taken
figurations are sketched in Fig(&. from Ref. 11. As discussed in Sec. IV, the thick curve is believed to

We provide experimental evidence that this picture iscoincide with the conditio®\(T)=A, or cd—c%+A(T)=0. The
wrong. Studies of a Mn-Ni polycrystal with a Ni concentra- dashed line fronT, to the triple point(denoted by the filled circle
tion of 20% and a Nel temperature of about 450 K reveal is the conjectured phase boundary between $hand T SDW
that the magnetic transition between different SDW phases athases, as discussed in the text.
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(a) M SDW states are stabilized by a noncollinearity energy
Enc, which is produced by the difference between the Mn
N o and Ni moment$22°We have constructeH to favor the
T SDW phase over thB SDW phase and thB SDW phase
over theS SDW phase.
Our model assumes that the softeningcef— ¢4, breaks
} the cubic symmetry below,. So the transition at; is not
driven by magnetoelastic interactions. Rather, the magnetic
structure belowT, responds to the tetragonal distortion by
c<a c>a c=a tilting towards theab plane. When the tetragonality becomes
S sSbw D sbw T SDW sufficiently large, the SDW transforms from a “tiltedT
SDW (or T’ SDW) state to aD SDW state.
(b) Just belowT y, this model predicts the formation of either

‘ml a S SDW state for small Ni concentrations oiTeSDW state
s
[/

al2

for larger Ni concentrations. In agreement with experiments,
we conclude that thB SDW phase is never stable just below
the Neel transition. In fact, thdd SDW phase must be pre-
ceeded at a higher temperature by a structural phase transi-
tion into a tetragonal state wittr>a.
T' SDW This paper is divided into four sections. Section Il con-
tains our experimental results for the structural and magnetic
_FIG. 2.(a) TheS D, andT SDW phases which are stabilized in phase transitions. In Sec. Ill, we present a simple model
different crystal structuredb) The proposedr’ SDW phase be- \yhich describes the distinct structural and magnetic phase
tweenT, andTy,. transitions. Finally, Sec. IV contains a discussion and con-
clusion. An appendix contains some results for the elastic

scattering. But iny-Mn alloys, neutrons are unable to sepa-constants of our model Hamiltonian.
rately distinguish the SDW phases in FigaRdue to the
contribution of different domain$!® If only a single SDW  Il. STRUCTURAL AND MAGNETIC PHASE TRANSITIONS

domain was present, the SDW phases would be easy to tell . L
b b y The Mn-Ni samples were prepared by arc melting in an

apart: while all magnetic satellites would appear for ihe .

SDW structure, only 1/2 of those satellites would be activ argon atglo_sph;r]? frorg kl:/lm99.9|3|%tthand E“ (39.'990/?
for theD SDW structure, and only 1/3 would be active in the pieces obtained from Jonnson Matth€y. tach ingot was
S SDW structure. But after averaging over the three possibl lipped and remelted several times to promote homogeneity.

domains of theS andD SDW phases, the elastic scattering starting composition of Mga:Nio. 1 produced a final com-
from each magnetic state becomes identical. position of My gdNig oo due to volatilization of Mn. Afte( arc
As alternatives to neutron-scattering, ~Sbauer melting, the samples were sealed under vacuum in silica

transmissiot and y-ray emissio® measurements have tubes, annealed for 2 days at 950°C, and then quenched to

been tried. Both techniques suggested the presendd of foom temperature.
SDW phases in Mn-Ni and Fe-Mn alloys. However, it would o
be cumbersome to use such atomic-scale probes to map the A. Resistivity

SDW phase as a function of doping and temperature. Resistivity measurements were performed using a con-
Very recently, two of ugR.F. and S.L). demonstrate  yentional linear four-probe method. Contacts to the sample
tions in Fig. Za) are slightly different, even after averaging as shown in Fig. 3, the resisitivity above 250 K is fit rather
over possible SDW domains. Consequently, the transitioRye|| by a linear temperature dependence. Deviation from this
from one SDW configuration to another will be marked by ajinear fit occurs below 250 K, with the resistivity initially
small jump in the susceptibility. Depending on the relativeqropping below the linear fit and then passing above it at 110
sizes of the electron and hole Fermi surfaces, which nest tg As confirmed in the next subsection, the deviation of the
produce the SDW order iy-Mn alloys;” the susceptibility  resistivity from linearity marks the cubic-to-tetragonalTat
can jump up or down. The magnetic susceptibility may be< 50 K. There is no obvious signature in the resistivity of
the only bulk probe able to easily distinguish one SDWipe magnetic phase transition B~125 K.
phase from another in the presence of multiple dom&ins.
Susceptibility measurements on the Mn-Ni sample de-
scribed above detected a magnetic transition at about 125 K.
The susceptibilty of the low-temperature phase is about 3.5% A 2.1 g sample of Mpgd\ig oo Was studied in an elastic
smaller than that of the high-temperature phase. No signifineutron scattering experiméntperformed on the HB1
cant change in the susceptibility was observed at the strudriple-axis spectrometer at the High Flux Isotope Reactor of
tural phase-transition temperature of 250 K. Oak Ridge National Laboratory. Data was collected between
To explain the distinct structural and magnetic transitions50 and 275 K. Although we did not heat the sample to detect
we construct a phenomenological model which includes botthe Neel transition, previous wofR suggests thatTy
elastic and magnetoelastic contributions. The noncollinear=450 K.

B. Neutron-scattering results



PRB 61 STRUCTURAL AND MAGNETIC PHASE TRANSITION . . . 12 161
5.5 (a) ka) { (b)
_ . 374 c
G 54k Mg goNipo -~ | 7 . 1, @ 0 +— 0.000
- .
=) 3.73 { } % }
T 531 T
3 5 BT 10005 3
g 5.2 3 e B 471 | :2‘
8 o £ £
% 5.1 e —— Measured Sarnl T T T T T %___7 } 1 0010 §)
&, 5.0~ L --=-- Linear Fit ] é 260 | } | %
8 { g
368 | H{ 1-0015
p ot a
367 |
36

6 L 1 I I L L | L I ) I L . . 1.0.020
0 50 100150200250300 0 50 100 150 200 250 300
T(K) TK
FIG. 5. () Lattice parametera andc versus temperature, show-

ing a cubic-to-tetragonal phase transition between 275 and 225 K.
(b) The tetragonalityt=1—c/a versus temperature.

Difference (10°° Q)

Gaussian was required to fit the data at 275 K, which indi-
cates that the reflections from t{200), (020), and (002
lattice planes overlapped. The crystal structure at 275 K was
cubic with the lattice parametea=c=3.704 A. By con-
FIG. 3. () The resitivity of Mn-Ni versus temperature. The trast, a double Gaussian was required to fit the intensity pro-
dashed line is a linear fit to the resistivity above 250(K). The  file at 225 K. The peak height at the lower scattering angle is
difference between the resistivity and the linear fit showing theabout half of the peak height at the higher scattering angle,
resistivity anomaly at 250 K. which is expected for a tetragonal distortion. Since the lower
peak was shifted downwards compared to the cubic structure
As the sample was rotated, we observed a small variatioWhile the higher peak was shifted upwards, we conclude that
in the Bragg peak intensity due to the texture of the sample¢™>a in the tetragonal phase. Based on the fit at 225 K, we
Subsequently, we repeated the measurements at 2° step @btain the lattice parametecs=3.728 A anda=3.690 A.
crements of the sample angle. At each temperature, ten sudte integrated intensity of the profile at 275 K is identical,
data sets were averaged to eliminate the texture effects. Wwithin experimental error, to that at 225 K. These results are
In Figs. 4a) and 4b), we plot the scattering intensity all consistent with a cubic-to-tetragonal phase transition.
profiles at 275 and 225 K as a function of the momentum The lattice parameters are plotted as a function of tem-
transferQ near the{200 reflections. The peaks were broad- perature in Fig. &). Clearly, the structural phase transition
ened by the finite resolution of the spectrom@teﬁQ occurs between 275 and 225 K. As the temperature decreases
=0.04 A and the peak profiles were approximated byfurther, the neighboring basal plane distancencreases

Gaussians, which are drawn as solid curves. Only a singl#hile the basal planes continue to contract. Using the mea-
sured lattice parameters, we find that the unit cell volume

200
T(K)

250 300 350

decreases almost linearly with decreasing temperature. The

500 | (a) T=275K . 1 (0)T=225K _ ] tetragonalityt=1-c/a is plotted in Fig. $b). Extrapolating
2 a=3.704 A a=3.690A,c=3.728 A t to zero temperature yields a value ofa between 1.016
2450 cubic T 1-cfa=-0.0105 1 and 1.017. Our results are consistent with measurements
£ (200) (200) made by Uchishibd and Hondaet al'* who obtained low-
2 400 1 ‘ 1 temperaturec/a ratios of 1.011 and 1.014, respectively, on
g Mn-Ni alloys of similar composition. While our data is not
g350 i (002) 7 good enough to distinguish the order of the structural phase
@ transition, the work of Uchishiba and Hone#aal. suggests
5 300+ T 1 that it is second order.
o
5250 | 1 ]
é - ; 3 st C. Susceptibility measurements
iE * | Magnetic studies of the Mn-Ni alloy were conducted in a
33 34 35 33 34 35 SQUID-based magnetometefQuantum Design model
Q™ ak™ MPMS-7). A 0.9377 g sample was cut from the same ingot

as the resistivity and neutron-scattering samples. This sample

FIG. 4. Neutron-scattering intensity profiles as a function of thewas mounted with thread in a thin-wall plastic tube for mea-
momentum transfe® for (a) 275 K and(b) 225 K. The scans were surements with a scan length of 4 cm. The isothermal mag-
taken at thg200 Bragg points.

netization was measured at several temperatures between 5
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and 300 K, in applied magnetic fieldts up to 65 kG. Over- “reset” (heated above the superconducting transition tem-

all, the magnetic response was very nearly linear and revergerature of the windingsto release any trapped field. Fi-

ible at all temperatures. nally, the remnant magnetizatiovi (t) plotted in Fig. Ge)
The temperature dependence of the magnetizdfiomas  was measured as a function of timdor a period of one

obtained by cooling the sample in zero field to 5 K, at whichhour. The time dependence bf(t) was used to obtain the

point the field was applied and trapped in the superconductyormalized relaxation ratethe magnetic viscosily S

ipg sol_enoid. Then the magne_tic moment was measured ona _ 4 In(M)/dIn(t), which is plotted in Fig. ).

fine grid of temperatures while warming to 360 K; subse- — ajj of these measurements indicate that the susceptibility

quent field-cooled measurements were conducted while recinomaly at 125 K is not associated with the hysteretic be-

cooling to 5 K. havior of the sample at low fields. From Figdp, we find

G(le?jfl;isel%gtgefsfogg griggc Ztrtj(?lig ege iuzwrztl)gt':ﬁ;i?lg that the field-cooled magnetization in the 10 kG field is large
feature is the structure near 125 K, which lies far below thﬁ%r\]/s;);?élbdltss tlr;epfgézi;éar@“gn s?)tin%SFasl: ?élr?st:tsig:mve?hén

structural transition at 250 K. The sharp drop in the suscep- ! . i
tibility at 125 K is of the same order predicted by Fishmananomaly would be suppressed at higher fiéfas shown in

and Lit® and may be ascribed to a magnetic phase transitiofild- &€), the remnant magnetizatiovi e is small compared
between two different SDW phases. The only magnetic feaWith the signal observed iki=1 and 10 kG. The vertical
ture obviously correlated with the cubic-to-tetragonal transi-arrows in framesa) and(e) of Fig. 6 show identical changes
tion is a broad, very shallow minimum in the magnetization.in M of 10~ Gcn?/g; in frame (d), this range is smaller
The hysteretic behavior seen in Figcpfor a field of 10  than the symbol size. Also notice that the remnant magneti-
G is somewhat reminiscent of the spin-glass transition obzationM ., is featureless below 300 K. In Fig(f§, we find
served in MnCu alloy4® To further characterize this behav- that the magnetic relaxation raBT) is also small and fea-
ior, we performed a series of magnetic relaxation measurgureless in the region of the SDW transition near 125 K. To
ments. After applying a field of 10 kG at 300 K, the MnNi illustrate that the change M, during the hour of measure-
sample was field-cooled to temperatdraith magnetization ~ment is small, all measured values are collected in Fig). 6
M(T) plotted in Fig. &d). The field was subsequently re- Finally, analysis of the isothermal magnetizatidd,(H)
moved and the magnet in the SQUID magnetometer was yH+ xnH?, reveals that the nonlinear terg), vanishes
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(within two standard deviationsIn contrast to the expecta- H=Ho+Hcout Het Hmet He )
tion for a spin-glass transitioft,no change iny, was ob- _ o
served near 125 K. whereH,, is the kinetic energy of the electrons and holes and

Because there is no sudden onset of large-scale glas§ycou iS the Coulomb attraction between the electrons and
behavior(time-dependent or nonlinear effectt 125 K, we ~ holes on nearly nested Fermi surfaéedthough essential to
conclude that the susceptibility anomaly is not associate@bPtain the magnetizatiol (T), Ho andHcoy play no role in
with a spin-glass transition. The weak glassiness observed ®electing the phase of the SDW. So we shall not discuss
a 10 G field may be attributed to the freezing of the Ni them further. The other three energies are explicitly given by
moments in a disordered alloy. But we emphasize that these
effects are small compared with the SDW transition at 1251_|elzv[ . 2

0 2 2 0
K Ecll( ExxT €yyT €5 +Ci ExxEyy T €yy€s,T €226x%)

At low temperatures below 40 K there is an upturn in the

magnetization that follows a CurieTLdependence. The ob- + ACH )+ U+ 2+ 122+ W+ t2+ 19
served signal corresponds to an effective moment of 9 vz oy oy
0.023uB per atom. We have verified that this feature is more )

pronounced in dirty samples and so is likely caused by con-
tamination of the sample surface. 9, , , ,
Hme= V[ N 2| (Six€xxt Syeyy—'— S2€20) T (€xxT €yyt €22
Ill. MODEL FOR THE STRUCTURAL AND MAGNETIC
TRANSITIONS 0>
. X{Wz (S|2x+sizy+s|zz)
In the next three subsections, we present a model for the i

separate structural and magnetic phase transitions observed
in Mn-Ni. First, we construct a model Hamiltonian, then we + 9s > (st+s +g;Z)H ' (4)
discuss the SDW ordering betwedr, and the structural N 5 Y
transition atT,, and finally, we describe the SDW ordering ,
belowT;. 1

‘ HNC=V§[N 2 <S.2x+8.2y—2322>] , (5
A. Model Hamiltonian h ( )2 ( Y q
. . . wheret,=(€e,y+ €,)/2— €y, ty=(€,,+ €xy)/2— €y, andt,
In addition to the three magnetic phases previously Pro— (e + €,,)/2— €, are the tetragonalitie;; are the strain

posed for cubic and tetragonal Mn-Ni alloys, we also Con'componentsc‘l)l andcgz are elastic constants, ad are the

sider a fourth SDW phase which interpolates between them . ;
The average spinél;=(S) of the S D, T, and tiltedT (or rmagnetoelastic coupling strengths. We assume aflf;uand

T') SDW spin structures may be written as c), are indgpendent_of temperature so that the structural
phase transition is driven by the temperature dependence of
A(T).
Above Ty, cubic symmetry requires that=t,=t,. Be-
low T, cubic symmetry is broken witht,=t,=—t,/2
iM[f(cos(QX- Ri)+§/ cog Q- Ri)1, (1b) =—t/2. Thg quartid;1 coeffi_c_ient is then given b=9(U
\/E +W/2), which must be positive for the structural phase tran-
sition to be second order. The total elastic constejtsf the
1 R R R cubic and tetragonal phases are summarized in the Appendix
M;=—=M[xcogQy-Rj)+ycogQy-Rj)+zcogQ, Rj)], along with the stability criterion for those phases. In particu-
V3 lar, we find that stability of the cubic structure requi@s
—cp,=c%—cl,+ A to be positive.
For convenience, we have neglected off-diagonal strain
i components such ag,. Off-diagonal strain components are
J3 much smaller than the diagonal components if the elastic
constantc,, is much larger than the constamtg andc, of
+V1-vz cogQ, R}, (1d)  the cubic structure. Sinagy, is not involved in the tetragonal
~ R ~ instability in Mn-Ni and Fe-Mn alloys, this approximation is
where Q,=2mx/a, Qy=2myla, Q,=2mz/c, and justified.
cosQ,-Rj)==*1. These relations are obtained by replacing Our model for the tetragonal transition takes strain as the
the sharply peaked Bloch wave functions of theand elec- primary order parameter. In an alternative formulatim,
trons by delta functions in the spin density. While tifie soft mode would act as the primary order parameter driving
SDW phase of Eq(1c) maintains cubic symmetry, thé’ the structural phase transition. Playing the role of secondary
SDW phase of Eq(1d) with »# 0 violates it. Note that the order parameter, strain would then couple to the square of
T' SDW phase reduces to tieSDW phase whew=0, to  the primary order parameter. There are several reasons for
the S SDW phase when=—2, and to theD SDW phase our decision to use strain as the primary order parameter.
whenv=1. First, the theory is a bit simpler this way. Second, experi-
Our model Hamiltonian contains five different terms ments by Lowdeet al?’ indicate that the softening af;;

M;=MzcogQ, R)), (13

Mi:

(1o

M;=—=M{1+v/2[x cogQ, R;)+y cogQ,-R;)]
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—Cq, preceeds the tetragonal transition. Third, it is not clear Minimizing the Hamiltonian with respect to the strain
what soft mode would drive the tetragonal transition/ivin ~ components, we find that the relative volume change below
alloys. In any case, a model built upon a soft mode produces$y is

the same qualitative conclusions as the model developed be-

low. o . : 011302+ 9sM*(1+2%/2)
Physically, the noncollinearity energy arises from the dif- S=— 5 0 M 9
ference between the Mn and impurity moments, which Ciit2¢s,

causes the Mn moments to tilt away from each offigf. o . .
This effect is most pronounced in Mn-Cu alloys, where thea,‘nd that the tetragonalitlyis obtained from the cubic equa-

Cu atoms carry no moment and even in ®&DW phase, U1ON
the Mn moments are inclined about 5° from thaxis“® The
noncollinearity energy in E(5) yields the expectation value 34 2(A—Ac) 4 M2 91 _
colli AN VE L Iy (10
VEr°M®. In terms of the average spiMl; or the angled 3B 3B

defined in Fig. 2), the “tilt” is given by v=(M;+M, 0 o ” _ _
—2M2)/M?=1-3 cogd. Therefore can be viewed as the WhereAc.=cj,—cy;. ForA>A.,” the crystal remains cubic
magnetic tetragonality. In the absence of magnetoelastic eVith t=0 andv=0. ForA<A., the crystal becomes tetrag-
ergies, deviations from tHE SDW state witH v|<1 have the onal witht#0. AboveT,, Egs.(A2) and (A3) imply that
same energy regardless of whether the moments tilt towarl —Ac=C11—C12. Hence, the vanishing oA—A. corre-
the ab plane (»>0) or towards the axis (v<0). sponds to the softening o€;;—cs,, which has been
Both the noncollinearity and quartigs energies act to obseryea7 to precee_d the tetra_lgonal transiti_on in a seﬁes of

stabilize aT’ SDW state withv#0 in the tetragonally dis- Mn-Ni-C alloys. Notice that this tetragonal instability is not
torted lattice betweefT, and T,,,. To see this, replace the driven by the magnetoelastic energies. CloseT{o ¢y

magnetoelastic and noncollinearity energies with the effec— C12 S a linear function of temperatuffeandA— A can be
tive Hamiltonian replaced bya(T—T;) with >0.

In terms of the volume expansion and tetragonality, the
combined magnetoelastic and noncollinearity energy of the

Hier= — 2 Bi-S+const, (6) S D, andT SDW states is given by
I
Emen 1 1
V =——s%(cd+2c%) + =t{ (c9,— %+ A)t+M3g v
Biy= 251916, (G2+ 203ME)) (6t €y + €29) e T Ol
2 3 3 2\ 4
+(2-68,,) vEMAM, . @ + ZBE |+ &MY, (11)

Within this mean-field approximation, every electron and . . S
hole independently experiences the effective flaxerted Wh'ch QOes no; mc!u@e the k|n.et|c and Coulomb 'Ferms. Not
by the magnetoelastic and noncollinearity energies. For ea(:ﬂ,lrprlsmgly, MINIMIZINGE e with respect tot for fixed v
magnetic phase, stability requires thatis parallel toM; . y!elds Eq. (10). Eor a fixedt, .the Cond't'OMEme“/aVZO..
Without the noncollinearity and quartic terms, only tBer yields Eq.(8), V.Vh'ch was pbtamed above from thg cor)d|t|on
D SDW phases could be stable in a tetragonally distortedat the effective fields; is parallel toM;. Bear in mind,

crystal. But with¢ and g; nonzero, theT’ SDW phase is noWever, that Eq(8) may produce a maximum iBpep, in
stabilized with tilt which caseS and D SDW's with v=—2 and 1 will have

lower energies.
The magnetoelastic constagtsandg, are assumed to be
S 9.t , (8) of the same order with respect to each other but rather small
(g3s+6£)M?2 compared to the elastic constants except very closg, to
Since the observed volume contraction in Mn-Ni is about
wheres=AV/V= e, + €,y T €,,= 2641 €;, IS the fractional 19, we expect thatg; + 3g,)/c,;~0.01. It is likely that the

volume change belowy,. quartic coefficientg, is an order-of-magnitude smaller than
We shall see that thgs term is also important for deter- the quadratic coefficients; andgs.

mining the order of the magnetic transition &f,. When Not too close tdT,, the approximation

g3=0, the transition is second order with the tilt of thé

SDW matching the tilt of thdd SDW atT,,. Wheng;+#0, |A(T)—AJ*>BgZM* (12)

the transition is first order with the tilt of the SDW changing

discontinously afl,. We realize that thg; contribution in - o |T—T,|3>Bg?M*/a3 should hold rather well. This con-

Eq. (4) is not the only quartic energy consistent with cubic gjtion will be used to solve for the tetragonality in the two
symmetry which can produce a first-order transition. For ex<psections below.

ample, the quartic terny,;(e,S), + €y,S), + €,,5;) also
does the trick. However, other quartic terms have qualita-
tively the same effect as thg; term and would needlessly
complicate our model. So to keep the theory as simple as Applying Eq.(12) whenA(T)>A; or T>T,, the tetrago-
possible, we shall retain only the singlg quartic term. nality below Ty is given by

B. SDW ordering betweenT and T,
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, U1 where the first term dominates the second due to(ER).
tM==MMv= AT A (13 Although the overall sign of below T, is not determined by
¢ this model, we expect material parameters to break the sym-

with a next-order term of ordeg3M(T)®B/[A(T)—A.]*.  metry between positive and negative tetragonalities.

Substituting this value into Eq11), we obtain the energy of ~ Inserting this expression into E¢l1), we find that the
a generall’ SDW state energy of a general’ SDW is given by
Emen_ 1 ,[01+302+0sM*(1+1%12))° Epen_ 1 [01+302+ GMP (14 721 (Ac—A)?
v. 6 c+2c%, vV 6 c?,+2c, 9B
2
g; 1 - J6 , A—A -
{1_2A—AC 5]1} M*. (14 +?M g1v\/ B sgr(t) + v M. (17)

Close toTy, the (@;+39,)gs(1+ »?/2)M® term can be ne-  This energy favors a negative value @fv sgnt) so that
glected compared to the?M* term. Then the SDW phase the preferred tilt of thd”’ SDW phase depends on the sign of
must minimize thev>M* term in Eq.(14). the tetragonality. Since th& andD SDW phases are stable
Recall that the noncollinearity parameters expected to i crystals witht>0 andt<0, respectivelyg, must be posi-
increase with the Ni or Fe concentration. Whés 0, the tjye.
v”’M* term is negative and tHBSDW (with v=—2) has the For a tetragonal phase with 0, such as in Fe-Mn alloys,
lowest energy close tdy. TheT SDW (with »=0) is fa-  the T SDW would tilt towards the axis and transform into
vored over theS SDW when thev”M* term becomes posi- 5 5 SDW belowT,. But as argued in the next section, the
tive or when¢ exceeds structural and magnetic transitions must coincide in Fe-Mn
) alloys. Hence, the theory developed in this subsection with
91 1 A(T)<A. applies only to Mn-Ni alloys.
50_1_2 A(Ty) — A" (19 Within the tetragonal phase of Mn-Ni alloys with<O,
the T’ SDW transforms into & SDW belowT,,, which is
Consulting the phase diagram in Fig. 1, we see Taap- given to lowest order im; by
proaches quite close tdy at the top of the cubic-to-
tetragonal phase boundary. $g will be quite large forx 5 4
~16%. Therefore, th& SDW phase is only stabilized for Ac—A(Tm) — 276 M (Tm)
higher values ok, whenT, drops sufficiently far belowl B 297
that £;<&. For this reason, we construct the dashed phase
boundary(not yet fixed by any experimental dataetween  Together with Eq.(12), this relation implies thatg?
the SandT SDW states to approach the triple point from the < £3\4B. Notice thatA,—A(T)= a(T,—T,y) grows with
left. The stability of theT SDW phase against tilting above increasing impurity concentratiotincreasing¢) and with
T, is guaranteed by the conditi@iE e,/ dv?|,— (>0, which decreasingr, (increasingM).
requires thagss+6£>0. BetweenT, and T,, the moments of thd’ SDW state

It A(T)>A, for all temperatures, then the energetics ofyit towards theab plane. Just abovE,,, the tilt is given by
the SDW configurations would be determined by Etd),

including terms of ordeM® andM®. The transition from &

to aSSDW, as in Fe-Mn alloy$ can be easily described by WTH)= 3¢ (19)
this model. WhemA(T)> A, for all temperatures, the struc- M gas+3¢’

tural phase transition &k, is induced by magnetoelastic en-

ergies andl,,=T,. Since each term in Eq14) favors either The inequalityr=<1 requires thagss=0, which also guar-
the Sor T SDW phase, th® SDW phase is unstable when antees the stability of th€ SDW phase. Due to the observed
A(T)>A.. It follows that, whereas Fe-Mn alloys can be volume compressidhbelow Ty, we conclude thag;<O0. If
completely described by Edq14), Mn-Ni alloys require a g;=0, then the transition af,;,, would be second order and
tetragonal instability, induced by the softening &{T) the tilt of the T’ SDW just aboveT,, would exactly match
—A.=Cq;—Cypy, to accommodate th® SDW phase. We the tilt v=1 of theD SDW belowT,,. Of course, the ob-

[1+n(Ty]% (19

shall return to this point in Sec. IV. served jump in the magnetic susceptibilityTat implies that
g3 is nonzero in Mn-Ni alloys. So we expect the tilt of thé
C. SDW ordering below T, SDW just above the first-order transition®t, to be smaller

. . . than the tilt of theD SDW belowT,,.
As shown in the. appendix, the stab|I|_ty of the tetragonal For g;<0, this model predicts a small change in the tet-
phase below; requires that\(T) <A.. Using Eqs(10)and 4q0nality atT,,. But Egs.(16), (18), and(19) may be used

(12), we obtain the tetragonality to show that the relative change it T, is given by
JA—AT)] 1 1 ,
(T~ \| = = M(T) 29y 0(T) =, tr—t° 193 s+3¢)°

(16) 7 16BM(T,)*E (gss+6&)°
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which is very small forg;<£M“B. The measurements of
Hondaet al! and the neutron-scattering results of Figh)5 5001
suggest that the drop inbelow T, is too small to be mea-
sured. 4007
As discussed in previous wofkihe formation of a SDW
in a fcc crystal differs from its formation in a bcc crystal o 3007
because only 1/3 of the holes are paired to electrons in the =
electron-hole condensate. While the holes in the condensate 2007
experience an energy gayT)«M(T), the remaining holes
are unaffected by the formation of the SDW. Although the 100+
guasiparticle energies are redistributed gt, the number of
holes which experience an energy gap remains the same on 0 2 25
both sides of the transition. Consequently, the energy gap at % Ni

itself is unaffected by the magnetic transition and the resis-
tivity is not expected to show any signature of a phase tran- FIG. 7. The proposed magnetic and structural phase diagram of
sition between different magnetic configurations with theMn-Ni alloys, indicating the 20% Ni concentration studied in this
same crystal structure. Of course, this is consistent with th@aper.
resistivity measurements presented in Sec. IIA.
Fe-Mn alloys may not permit the same wealth of magnetic
IV. DISCUSSION AND CONCLUSION behavior as Mn-Ni alloys. o
In fact, the magnetic and structural phase transitions in
In this paper, we have shown that the magnetic and strucce-Mn alloys must coincide. To see this, suppose that the
tural phase transitions in a Mn-Ni alloy occur at different softening of ¢;;—c;, is responsible for the cubic-to-
temperatures. The structural phase transition from cubic tgetragonal phase transition in Fe-Mn alloys. Then the condi-
tetragonal atT;~250 K was determined using resistivity tion A(T)=A. or ¢;;—¢;,=0 would follow the cubic-to-
and neutron-scattering measurements; the magnetic transetragonal phase boundafy and continue to hold along the
tion atT,,~125 K was detected in the magnetic susceptibil-dashed line abov@, in Fig. 8. As a result, Fe-Mn alloys
ity. While the tetragonality is continuous acro3g,, the  would be tetragonal abovBy to the left of the triple point.
magnetic susceptibility is continuous acrdgs Since Fe-Mn alloys are always cubic abdWg, this cannot
Starting with the premise that the tetragonal phase transpe the case. Therefore, tfieto-S SDW transition in Fe-Mn
tion atT, is induced by the softening @f;;—Cy,, we devel-  alloys should be described by E@.4) with A,<A(T) and
oped a phenomenological model for the temperature deperF,_=T,. Correspondingly, we do not expect the softening of
dence of the SDW phase. Betwe&pand T,, this model ¢,,—c,, to preceed the cubic-to-tetragonal transition in
predicts a new SDW phase, with moments tilted away fronFe-Mn alloys.
the crystal diagonals towards thd plane. Recent measuremefitssupport these ideas. Resistivity
Returning to the structural phase diagram of Mn-Ni alloysand susceptibility measurements indicate that the structural
in Fig. 1, we conjecture that the conditi@(T)=A. or c;  phase transition in Fe-Mn coincides with the magnetic tran-
—c2,+A(T)=0 coincides with the thick curve along the sition. Unlike in Mn-Ni, the field-cooled and zero field-
tetragonal-to-orthorhombic and cubic-to-tetragonal phaseooled susceptibilities of Fe-Mn are almost identical for all
boundaries. Since the tetragonal distortion witha is in-  fields. So there is no sign of hysteretic behavior in Fe-Mn.
duced by magnetoelastic energies, the elastic constanfis substantiates our previous conjecture that the weakly
{c11,Cq,} Of this tetragonal phase are identical to the elastic

constant§c,4,Cq9 Of the cubic phase. Hence, the condition 600
C11— Cro=CY—cl,+ A(T)>0 is required for the stability of . cubic

.

both the cubic and tetragonat<a) phases in Fig. 1. Since
the thick curve never crosses théélléemperature, the alloy
remains cubic abové&y .

Based on these considerations, we propose the magnetic
and structural phase diagram of Fig. 7. It is easy to show that
the magnetic transition temperaturg, cannot intersecT, .
Therefore,T,, must intersect the orthorhombic phase bound-
ary belowT;. For Ni concentrations just to the left of the
triple point, Fig. 7 permits a series of magnetic phase transi-
tions fromSto Tto T' to D SDW states.

Similar to MnNi alloys, FeMn alloys also undergo a struc- 0 | ,
tural phase transition from cubic to tetragonal. The work of 0
Endoh and Ishikawaon (FgMn;_,)o¢Cloos alloys has
been used to construct the structural phase diagram of Fig. 8. FIG. 8. The magnetic and structural phase diagram of Fe-Mn
Notice that the Fe-Mn phase diagram contains only two dif-alloys, based on the work of Ref. 9. If the conditiog,— c;,=0
ferent structural phases, fewer than the four structural phasesincided with the cubic-to-tetragonal phase boundary, then this
present in the phase diagram of Mn-Ni alloys. Thereforecondition would continue to hold along the dashed line abbye

10
at % Fe
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hysteretic behavior in Mn-Ni is due to the freezing of the Ni Research Corp. for the U.S. Department of Energy under

moments. Contract No. DE-AC05-960R22464.
As discussed in the previous section, the effective field
B;=¢{M; must be parallel to the momeM; at every sitd. APPENDIX: ELASTIC CONSTANTS

The spin-waveSW) gapA gy evaluated in Ref. 7 was found ) .

to be proportional to//M Ty (the typical SW gap in MnNi Above Ty, the elastic energy can be written
and FeMn alloy$"*?is about 10 meY. Since the magnitude 1

of the effective fieldB; changes af ,,, the SW gap must also He,zv[—cll( €nt €yt €2) + Cio Exxeyy T €yyEs,

change acrosd,,. To evaluate the relative size of this 2
change, we use Eqé7) and(8) to find
oV + Ezzfxx)] ) (A1)
T'= — —_—s(g;+30,+295M?), 21
¢ 3N 50173027205 ) @) with elastic constants
D 2V 2 2 0 2
g = — 3_N{glt+s(gl+ 3gz+ 3g3M )+6§M } (22) C11: C11+ §A, (AZ)
It follows that o 1
) , C12=Ci— R A (A3)
(Agw)z_(Ang_fT _ZDN_ g3 M(T,)?=0 ’
(AL)? v 911302 " ' Below T, the cubic symmetry is broken and the tetrago-

(23 nal elastic energy must be written

which is a direct measure of the relative size of the quartic 1 P 1 )

magnetoelastic term. Ifj3=0, then theT’ SDW would Hei=V| 5 Cra( €t €)y) + 5 Casez s+ Crobuxeyy

smoothly evolve into th® SDW, the magnetic susceptibility

would be continuous, and the SW gap would show no signs

of the magnetic transition. But our susceptibility measure-

ments suggest that the quartic term is nonzero. Wgen .

<0, the SW gap decreases discontinuously belgy A  With elastic constants

similar change in the SW gap it expected in Fe-Mn al- 1 1

loys because the cubic-to-tetragonal transition belguhas Cll=§(C(1)1+ c‘l)z)— §A, (AB)

a magnetoelastic origin. Hence, the SW gap of Fe-Mn alloys

should be a continuous function of temperature. We hope to

test these predictions in the near future. Caz= —Cy+2¢3,—
Several open questions remain. Our proposed form for the

noncollinearity energy must be verified through phenomeno- 1 1

logical or first-principles calculations. There are some indi- 01225(_0(1)1+ 3c))— §A, (A7)

cations that the models developed in Ref. 16 and in Sec. IlI

are incomplete. Although Ref. 16 predicted a sharp change in 2

the susceptibility afl,,, the susceptibility plotted in Fig. 6 Crg=CY+ §A. (A8)

changes more gradually. This may reveal the coexistence of

D andT SDW states over some range of temperatures below is important to keep in mind that the strain components in

T Eq. (A4) are about the new tetragonal structure. So neglect-

We are uncertain whether the present model is sufﬁcien,’hg the magnetoelastic energies,=0 in equilibrium. By

to understand the orthorhombic phase of Mn-Ni alloys. ltcontrast, the strain components used in Sec. I, for example,

seems likely that the magnetic and structural phase transjy construct the tetragonality= (€xx+ €,y)/2— €,,, are de-

tions in the orthorhombic phase are also distinct, but thisjiations from the paramagnetic cubic system. So even in the

needs to be studied both experimentally and theoreticallyzpsence of magnetoelastic energtesp for T<T,.

Experiments are also required to examine the structural and Forgetting about the magnetoelastic energy, the stability

magnetic phase boundaries of Mn-Ga alloys, which are repf the cubic structure betweeRy and T, requires thatc,;

portedgsto have a phase diagram similar to that of Mn-Ni_¢ — A(T)—A_>0 andcy,+2¢,— c9,+2c%,>0. Below

alloys: T,, the stability of the tetragonal structure requires that

_Ot;w;)uslya a grttra]at deal rr:_ore r:exper;)men;lal _vvor-lg;s re- Crp= 0(1)1_ C(l)z:—Ac>0 and that the solutiona to the
quired to redraw the magnetic phase boundaries/-&in 8uadratic equation

alloys. We hope that the present work provides a roadma
for future exploration of this fascinating system. (C11+C1o— N)(Cag— N) —2¢2,=0 (A9)

+Cy5( Eyy€zT €226x%) [+ (A4)

4
3 A, (AB)

are both positive. Using Eq$A5)—(A8), these last condi-
tions becomec?,+2c¢%,>0 and c$,—c$,—A>0. Hence,

This research was supported by Oak Ridge NationaA(T)—A. must be negative below, for the tetragonal
Laboratory, which is managed by Lockheed Martin Energyphase to be stable.
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