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Abst~¢t 

Field°~ndaced transitions have been observed earlier in mangane~ monopnictide polycrystals. However, the role played by 
ani~otro~ in these ~eond order transitions remained unclear. In this contribution we pre~nt magnetization data for 4.2 
K < T < 350 g and 0 < B < 0.58 T, which demonstrate the field- and ani~trow.determined states of MnAsos.~Po~ and 
MnA:,%~uPo~: single cqtstals and a clam~d state of MnAso~TP,)o~. An attempt is made to de~ribe the~ new combined 
ani~tropyo and field.related states, @ 1997 Elsevier Science S.A. 

/¢~a,~mg~' Magnetic pha~ tran~iti,on~ (75,30 g); Magnetic anigstropy (75,30 G); Metastable phases (¢~4.60 M); Electrical 
¢ondo¢livity of lrafl~ition meted compounds (72,~ G) 
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I. II#tlrodu¢l|on 

Llou~ual ~lable ~nd ~et~:~1able magnetic states and 
t~an~ifions ~rween them have been ob~rved in 
M nAs~ ~, P, polyctystals [I =7], However, the influence 
of magnetoe~s~llin¢ anisotrolYY on these transitions 
can only be detected when one uses single crystals, In 
this contribution, we dc~ribe ~me of these field- and 
ani~tro~orelated states. In particular, we pre~nt 
magnetization and resistivity data which demonstrate 
a clamped state of MnAso~P,~0~, field-iMuced and 
combined field- and ani~tropy-induced states of 
MnAs,~P,,~: and of MnAs,~,~P,~ ~: single crystals. 

$,lng~e c~,stals of MnAs~ P~ were g~own using the 
Bridgeman~S~kb~rger method as de~ri~d in de- 

P t t  S0925 ~S388(97)O03~'~ 3~0 

!tdl elsewhere [3], Resistivity and magnelisatioa were 
measured using the standard fouroprobe technique 
and the Faraday method, res~ctively. For ani~tropic 
magnetisation measurements ~mpl¢ disks were usu- 
ally cut in such a way that the disk plane was parallel 
to the (010) planes and contained both the [010] and 
[001] direction (orthorhombic notation, a < c  <b:  
c~ltC). OeCrasionally cuts parallel to the (1~) and 
(001) planes were u~d. 

2 I, Clamped states of Mg4soo~ I~oo~ 

MnAs~E~,~ is a hexagonal fetn~magnet (state I) 
w h ~  free ener~ is very cio~ to that of the or- 
thorhombic helical state ( | l ' )  of, e.g. MnAso,~,,P~ 4. 
~ t h  st~!es transform into each other in a first-order 
transition and therefore metastable regions, AT, Ax 
are expected to exist. As hyd~tatic pressure is al- 
most equivalent to x it can aim shift state i into state 
Ii' under a pressure hysteresis Ap. However, in case 
of Ax. internal strain could clamp state II' in a 
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Fig. 1. Irreversible and reversible changes of magnetic moment (c), 
resistivity in the (100)-direction ¢b) imd step in relative dilatation 
(a) of single crystal ,'~mple MnAs,,~TP..o3 on the first and second 
cooling-heating cycle: ]'~,., irreversible step in magnetic moment: 
T.., irreverstble step in relative dilatation; ?~,h - ~,.., hysteresis con- 
nected with the first-order/bt-sg transition. 

metastable situation which will change (irreversibly) 
into state I only under release of that strain. Shown in 
Fig. I is the first cooling and heating cycle of the 
resistivity p(T) (b) and the magnetization M(T) (c) of 
a MnAs,,~7 P.,3 single crystal. On heating, M(T) shows 
a one-time transition from a spin compensated to a 
I~rromagnetic stale at a temperature ~,,,: further 
heating and cooling cycles only show a hysteretic 
('~h = T.~) first order transition like that observed in 
MnAs [4,5], suggesting that the internal strains are 
released. More details are shown in the resistivity vs. 
temperature curve piT)(Fig, lb): the first cooling 
displays a transition at T~ = 250 K which could well 
signal the introduction of long-range helical order in 
a metastable situation, considering that T~ is very 
close to the ordering temperature TN of the stable 
helical state Ii' [7]. The transition at T~ is further 
established by a pronounced step in the relative 
dilatation of the sample I [8,9] (Ftg. la). 

2.2. Tempemlureoinduced order=order tm.sitions m 
sblg/e co,stats 

Fig. 2a shows the magnetization of MnAs,,xP, t=. 

tCourtesy R. Burekart, 111. Phys. lnstitut. University of G6ttin- 
gen, Biirgerstr. 42-44, D-37073 Gfttingen. 
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Fig. 2. Magnetic moment ~ .  temperature (~) and field (b) for 
MnAs,, .P,t~ single crystal in two c~tal direction~. B in (0!0) 
plane. 1~-7:2211 K, 200 K, 150 K, 1(10 K~ 70 K, 40 K, 10 K; f~, field 
oml~d; ztc, zero field cooled; T~,Tt, magnetic order=order transio 
lion temperatures; TN, a/)nospin glass like ~tate transition temr~rao 
I | lfr~0 

This compound shows a sequence of ordered mago 
netic slates with increasing tempcr'~ture and at higher 
temperatures finally goes over into the paramagnetic 
state; in particular, the sequence: helical (0 K < T ~ $0 
K)=canted or conical (50 K < T < 200 K)=helical (200 
K < T < 225 K)=spin-gla~s-like (250 K < T < 350 K) 
-paramagnetic (T> 350 K) has been proposed [7,10]. 
Among those, the helical state is rather easily (B ~ 0.5 
1") transformed into canted states as can be seen from 
the M(B)-curves (Fig. 2b). Two different low temper° 
ature states are obtained depending on whether the 
sample is cooled under a magnetic field (FC) or 
cooled in zero field (ZFC). This is a standard proce- 
dure used with disordered magnetic systems. Here, 
the low magnetisation state (ZFC) is no~ disordered 
but long-range ordered (helix) [7], This suggests that 
the field-induced high magnetisation state (FC) is also 
ordered. 

The magnetic moment of MnAs0.~3P0.17 vs. temper° 
ature is shown in Fig. 3at basically, M(T) is very 
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similar to that of x ~0,12,  except that the helical 
state around 250 K has almost vanished (T),'I~ ~ 7;), 
The M(B)oCUrves (Fig. 3b) are al~ very similar and 
su res t  field=induced transitions close to lhe 
order~order transition temperatures. 

2,3, At~ismrol ~ antt fleM4nduced n,tagnetic states 

An ani~)tropy of the magnetization is observed for 
~ t h  com~unds, x ~0.12. x~(I.17 (Figs, 2~4) and 
the differenc¢~ between easy and hard magn.eti~ation 
are comparable in magnitude with the field°induced 

e~ in magnet which apparently sets the 
stage for an unusual ~h~l[Vi|'O'Ur of the magnetization 
when the ~mp:le is rotated under a constant field 
(Fig. 5). With a magnetic s~ate in therm~ynamic 
equitibfium~ one would expect to obtain the same 
magneti:~ation, given the magnetic field B, the tem- 
~rature T and the orientation ~, independent of the 
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Fig, 4. Ani~trow of the magnetic moment at B = 0.58 T and 
different temperatures for a MnAsossPot., single cwstal (a) and 
ani~tropy of MnAsoso~Po,t~ (b) at T = 150 K and different fields. 
1~10: [010], I0. 20, 30, 40, 50. t~O, 70, SO°C [001]. 
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order of installation of these parameters. With a 
hysteresis existing, as indicated by the field sweep 
under fixed orientation (left hand side of Fig, 5), one 
could have one stable and another metastable state, 
i.e. two relative minima of the free energy, one, for 
example repre~nting a canted state, the other a 
helical state. Apparently, this is not sufficient for 
MnAso.~:~P~.~7 at T ~ 10 K (Fig. 5). If one starls at the 
highest magnetization m~, field and temperature 
being constant, and turns the ~mpl¢ into the hard 
direction (right hand part of Fig, 5), the magnetization 
drops to a lower 'hard' v~tue', m~. turning the sample 
back under constant H, T, without a h~tercsis, one 
would expect to recover m), Considering a hysteresis, 
one would expect to find the lower (helical) state, m~. 
However, the ~mplc stays in a third mctastable state, 
m~, in the di~u~ion, we wilt have to consider the 
origin of the extra metastable state, m:. 
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3. Discussion 

3. !. Field-induced transitions 

MnAs~_,P~ crystals have been considered to be 
double exchange/super-exchange systems [11,12]. 
Double exchange and super-exchange in comparable 
strength and in competition indeed show field-in- 
duced transitions; in order to show the effect of 
anisotropy on such a situation, we take up the de 
Gennes layer model [13]. A spin (S) layer structure 
with 1', $ the (positive) intralayer and the (negative) 
interlayer exchange coupling, gives the exchange en- 
ergy contribution: 

Ec~ = - N z ' J ' S  ~" + NzlJIS" cos0,, ( la) 

In addition, Nx Zener carriers are supposed to move 
inside and in between layers with transfer integrals b' 
and b leading to a ferromagnetic coupling contribu- 
tion Eo: 

Eo = ( - z ' b '  - zb cos(0,,/2))Nx ( Ib)  

here the extended electron state phase sums are 
already reduced to the nearest neighbour coordina- 
tion numbers z' ,  z, i.e. one assumes a small number 
of polarized electrons (Nx) in the bottom of a con- 
duction band (k = 0). Adding the Zeeman energy: 

m 

H 

,,,,,, ,, ,,,, ,, , , ~ ,  

- T ,  

J ~ 

L + 

T 
Fig. 6. (a) Reduced magnetization vs. field, re(H), for a double-cx. 
change/superexchange model s~tem showing second order tem- 
perature-and fieldqnduced transitions without considering 
anisotropy. T,,,Tt: isotherms; H,~ critical field for a fm~med transi- 
tion at temperature T:. (b) Lability and equil~rium lines L*, L °. 
L" lines for the canted and afro states in a HoT diagram consider- 
ing anisotropy. Arrows. canted sublattices in respect to easy and 
hard axis; open (full) point, one(two) stable and one{two) melastable 
states (for more details see text). 

Ez + - M.  H cos (0 . /2 )  (Ic) 

and the first two terms of an uniaxial anisotropy 
energy: 

(Id) 

where the relation between the cant angle 0o and the 
deviation 0 of a sublattiee magnetization from the 
easy axis are shown in Fig. 6a. In that ease 0o/2 + 90 
+ 0 for H ± to the easy ~is. Minimizing the total 
energy without anisotropy energy: E,, ~ Ee~ + Eo + Ez 
in respect to 0,,, one always finds a canted structure at 
T ~ 0 with the cant angle 0,, getting smaller when H 
increases. At elevated temperatures T > 0, and small 
enough carrier concentration x, antiferronmgnetie 
long range order appears because of an entropy term, 
which arises from a competition of the thermal aver- 
ages (cos 0,,) and <cos 0./2).  The entropy difference 
one can write [33]: 

S,, ++ S,, + ~(eos0,,/2) + ....: F ~ ~ TS,, + E,,, (If) 

field- or temperature or carrier Iocalisation induced 
canted/aJ}n transition, setting m ~ 0 or 0, + ~: 

m + M / M .  + cos(O,,/2) + x/x,, == T/T,,  + H/H, ,  (2) 

where /~+4 NztJIS '~', x,,+ 13/zNb; ~, + ~ / a ;  it,, + 
BIM,,, i.e. increasing the temperature l ~ e r s  the 
re(H) line to cross the Hoaxis at H++, thus defining an 
afro-canted field- or temperatureoinduced tranfilion. 
If re(H) starts at the origin (0, 0), H~ + 0 and T~(x) + 
zbNx /a  describes the temperature+induced afmo 
canted transition hne. If H,. > 0, re(H) crosses the 
H-axis at H,+ and Tm(x)~zbNa+/a+ M,,H¢/a)  (Fig. 
6a). The field-induced transitions close to T~ (Fig. 2) 
could be of this type. 

3.2. Fiehl. and anisotrolg, oinduced transitions 

If we now allow for an anisotropy energy, we have 
to consider that the external field is either parallel or 
perpendicular to the easy axis (Fig. 6b). K e n ,  for the 
free energies we have, substituting y + cos 0,,/2: 

If, for T ~ 0 we can approximate the thermal aver+ 
ages by their angular functions, i.e. (cos 0o/2) ~ cos 
0o/2, etc., from ,~F/OO,, --0 we obtain a second-order 

F ~ F,,(x,T) + A ( x , H , T ) ' y  + B'y ~ + C'y~; ± or I1 
(3) 
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with F, ~ - N z ' J ' S :  - z ' b ' N r  - NzIJIS:  - S,,T; B ~. 
4NzlJJS ~ + Kt; C ~ ~ K,:  A ~ ~ All-  M~,H: All = ! ,- % 

- z b N x  + aT ;  Bit = B ~ +4Xt=lH ~ - K t / 2 ;  Ctt = K , / 2  

If the external field is parallel to the easy axis, the 
Zeeman energy is small as the field now acts mainly 
on the anti-ferromagnetic component; there remains, 

a small field-parallel susceptibil,.'ty. In that 
case the Zeeman energy should be maximal at 00 = 
¢r/2 in a first appro.,dmadon, i.e.--xI~HZ(1 -cos:On), 

the magnetization component in the field direction 
is zero for both 0 o ~ 0, 11'. This results in small field- 
dependent terms. Al~,  as the sublattices would be- 
come non-s,anmetric in respect to the II axis, the 
anisotro~ ¢ner~ is now expected to depend on two 
angles 0|.2; h~cver ,  because of sin:0, it should be 
sufficiem to consider the larger an#e in thh case. 

If K: ~ 0, the a#n-canted transitions could still be 
continuous, i.e. of ~cond order, and metastable states 
wouM not occur. With K 2 < 0, the y~ term would 
have a sign o p ~ i t e  to that of yZ and metastable 
states, two each for ± and II, are possible. This can 
be seen if one transforms Eq. (3) to the standard 
bandau expression for the free energy by interpreting 
the half-cant angle as an order parameter 0 , /2  ,~ W. 
For small g,/2. cog0 , , /2 ) -  1 = ~ / 2 .  and neglecting 
terms with ~/a one can write: 

F ~ ~7 • a~/~ , b,i ~ , c~ ~ for each direction: ± ,  II 
(4) 

with a ~ B , 2 C = , 4 / 2 ,  F ~ * , ~ E , , A + B , C ;  b ~  

~ c  ~ B / 4 ,  c ~ =( ; /2 :  note, that if K~ < 0, as u~ ually~ ' 
found with similar ferromagnetic compounds 
[14= 16,34[ c > 0 and b < 0, i.e. we would obtain fea- 
tures of first order transitions, i.e, abrupt steps in the 
cant angle 0~, and the existence of two kinds of 
meta~tab!e and stable states. One metastable and one 
stable state can both exist at the same point in a 
metastabl¢ region of a, ~y, T=H phase diagram, 
de~n~ing on the therm~ynamic paths cho~n (l-)g. 
~ ) .  As the stability lines L*, L = of such a metastable 
region a~, in tile ~ n d a u  approximation, #yen by 
a - 0 (L ° ) and b 2 ~ 3ac ~ 0 (L*), and as a ~ .t~ are 
known in our ca~, in principle we can calculate and 
draw the ~rr~sponding lines into a H~7" diagram. 
For that we note that a ~ ( H , T ) ~  0 gives a nearly 

; ,  b2 . . . .  . . . . .  H,~), as is only weakly dependent on H, the upper 
laMli~ tines L* are almost parallel to L% The 
~ t ~ t a b l e  regions might overlap or stay separate+ 
The simplest ca~e o~ the first kind would be two pairs 
of l~near lability lines H(T) inte~cting as drawn in 

Fig. 6b. This allows to discuss more than one 
metastable state, such as found e:~perimentaUy in Fig. 
5. While a point in an isolated hysteretic region allows 
for two magnetic states, a point in the double occu- 
pied region in principle allows for four magnetic 
states. Inside an isolated hysteretic region, the loca- 
tion of the equilibrium line L ° (defined by b 2 - 4ac = 
0) determines which state is metastable and which is 
stable at a given point. The situation is not so clear in 
case of a double hysteretic region. However, more 
than two stable and metastable states and transitions 
between them have been considered [35]. 

For x = 0.17 at T=  10 K, we have helical to canted 
transitions with increasing temperature (at T r) ,  while 
the calculation relates to canted/arm transitions with 
increasing temperature. The lower transition has been 
attributed to carrier Iocalisation effects [12,27,18] 
However, metastable states equivalent to those de- 
scribed above can be assumed to exist also here when 
the anisotropy is included. 

3.3. Clamped metastabk, state in MnAso vT Po os 

The first order magnetic transition of MnAso>J7 Po..3 
at T,, has been recognized as a coupled lattice and 
magnetic transition [5,19] and as the variation with x 

has been found equivalent, to a large extent, to the 
application of pressure to MnAs, it is tempting to 
assign the irreversible change at Tr, , at first heating 
to a release of ~me  as grown internal strains of the 
single c~tal.  However, at low temperatures strains 
cannot be released by the thermal activation of lattice 
defects. Possibly, the transition from a spin°corn° 
pensated state [10,21] 1o antioferromagnetic long range 
order at 7~ is connected with a volume change which 
trivets the ~train release. A significant volume change 
is indeed observed at ~ ,  i.e. with arm ordering (see 
Fig. I). Such a strain release would be equivalent to a 
partial pressure release in a MnAs sample under 
pre~.~ure as shown in Fig. 7. Then, the recurrence of 
ferromagnetism at ~.,,, can hapimn if the lability lines 
are curved. This is found ~ t h  experimentally and 
theoretically [20=25]. 

In particular, the different states of a ~mple on the 
first heating and c~ling cycle, assuming a pressure, x 
and strain equivalence, are given by the path 1~7 in 
Fig. 7. At high tem~ratures, the sample is paramag- 
netic, then spin-gl~ss-lik¢ and finally moves into the 
metastable region; after passing 7~v{2), the internal 
strain gets relieved, as indicated by lines 2 -3-4  or 
2~4. When the temperature is sub~quentiy in,. 
crea~d, one fl~t pa~s the inner lability line (L ~) 
from below (5), i,e, ferromagnetism should aplmar, as 
is observed at Tt.,, ,. With a further increase in the 
temperature, f m  get.,~ lost (6), but only at I:~,, as one 
approaches the outer lability line L* from the inside. 
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Fig. 7. Schematic P-T and x-T phase diagram for MnAs and 
MnAst_,P,: 1-7, thermodynamic path chosen to explain Fig. i; 
curved lines, lability lines of first order ~t-sg  transition for P-T 
diagram; straight line, afn-sg transition T~(x) or TN(p); dashed 
vertical lines, lower part of lability lines in case of x-T diagram 
(for more details see text), 

With the next cooling, ferromagnetism reappears at 
~.c, but is not lost when one crosses the lower section 
of the L--Iine, as one approaches that line from the 
inside. After the crossing, the sample is, however, in a 
me.tastable ferromagnetic state; that is sometimes de- 
tected via structule in other physical properties [26,27], 
At the 'metastable fro' to ]m transition on heating, 
the magnetisation practically does not change. The 
changes in resistivity support this interpretation, The 
resistivity p(T) is supposed to be mainly determined 
by spin disorder scattering [28--32] and therefore 
should look like an inverted magnetization curve [29], 
which is observed. The resistivity along the (100) 
-direction (Fig. lb) shows only a very small structure 
at Tf,,, consistent with the idea that afro long-range 
order is replaced by fm long-range order, while the 
resistivity changes at the spin order-disorder transi- 
tions T,. (20%) and ~h (factor of 3) are larger. 
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