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A single crystal of Mno 9Coo lP, which represents a homolog of MnP with disorder on the metal sub-
lattice, has been studied by use of ac susceptibility and magnetization measurements in order to investi-

gate the effects of randomness on its incommensurate magnetic phases and magnetic phase transitions.
Detailed results are given for T & 1.7 K and external field H ~ 70 kOe applied along the orthorhombic b
axis {a) b & c). The high-temperature part of the phase diagram for H~~b, is qualitatively similar to that
of pure MnP, and includes a Lifshitz point on the confluence of the paramagnetic (P), ferromagnetic (F),
and modulated fanlike magnetic phases. The derived crossover exponent is unchanged or just slightly
larger than that of MnP. The exponent characterizing the magnetization discontinuity along the F-fan
line is P=0.5. All first-order transitions show hysteresis (being negligible or small in MnP). The transi-
tion between the incommensurate screw and fan phases, occurs via a few steps on increasing field (H~~b},
and with a Barkhausen-like noise on decreasing field. Irreversible behavior occurs also inside the entire
region of the fan phase. The second-order fan —P transition line H ~(T), which, in MnP, is observed

down to zero temperature, fades away at about 10 K in Mno 9Coo lP. The domain of irreversible behav-
ior extends up to the irreversibility line H;„,( T) & H ~( T), with H;„(T) sharply increasing at low temper-

atures.

I. INTRODUCTION

Manganese monophosphide (MnP) is an orthorhombic
metallic compound. Because of the richness of its mag-
netically ordered (in particular incommensurate) phases
and magnetic phase transitions, it is often considered as a
model substance in phase-transition physics. In fact,
MnP is the only magnetic system for which a Lifshitz
multicritical point has been observed, and several critical
exponents have been determined. '

Frozen disorder is considered a relevant factor for
changing the characteristics of the ordered phases and
phase transformations. The disorder creates (in terms of
microscopic models) random exchange and random an-
isotropy and may, in nonzero external field, lead to ran-
dom fields. The effects of randomness have experimen-
tally been studied during the last decade, mostly in ferro-
magnets ' and antiferromagnets. "' However, very lit-
tle experimental data have been obtained for disordered
incommensurate phases. Hence detailed experiments on
a properly disordered homolog of MnP seems rewarding.

This is done in the present work through the study of the
magnetic properties of a Mno 9Coo &P single crystal.

A. Main features
of the magnetic phase diagrams of MnP

Two magnetically ordered phases occur for MnP in
zero field, respectively, a ferromagnetic (F) phase existing
between T& =291 K and T&=47 K (Ref. 13} and a
helimagnetic phase of the double-screw type (later simply
labeled "screw") below Ts. ' The character of the mag-
netic phases, both in zero and nonzero fields, is inAuenced

by the orthorhornbic magnetocrystalline anisotropy. It
directs the magnetization vector of the ferromagnetic
phase, in the absence of a field, along the "easy" c axis.
(The notation for the axes a ) b )c is used here in accor-
dance with earlier publications on the phase transitions in
MnP, which implies the Pncm nonstandard setting of the
crystallographic unit cell.} In MnP, b is the
intermediate-anisotropy axis and a is the hard-anisotropy
axis. In order to minimize the anisotropy energy, the
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magnetic moments of the screw phase rotate in the bc
plane, with some bunching along the easy c axis. '

The magnetic phase diagram obtained for the magnetic
field H~~c (i.e., along the easy direction) is shown in the
upper part of Fig. 1. In this case the ferromagnetic phase
exists only for H=O, T~ & T & Tc, and the phase bound-

ary between the screw (T(Tz) and paramagnetic (P)
phases is first order. The critical exponents P, y, and 5
for the F—P transition have been determined by Terui,
Komatsubara, and Hirahara. '

If the magnetic field is applied along the intermediate
axis (H~~b), another modulated magnetic structure, the
fan phase, is observed in addition to the others, just men-
tioned, screw, F, and P phases (Fig. l). The H~~b phase
diagram exhibits two points where three distinct phases
meet. The screw-F-fan triple point is a classical triple

point with three first-order phase boundaries crossing at
sharp angles. On the contrary, the F—fan —P point is the
first, and the most thoroughly studied, experimental ex-
ample of a Lifshitz multicritical point (LP). For this LP
three exponents have been experimentally determined,
viz. , the crossover exponent P, ' ' the spiral propagation
vector exponent Pk, and the specific-heat exponent

5 —7
Ql .

The magnetic phase diagram for the hard direction,
H~~a, looks somewhat similar to that for H~~b, with the re-
gion of the screw phase replaced by a cone spin structure
(Fig. l). The transition fields to the P phase are, because
of higher anisotropy, substantially larger than in the cor-
responding H~~b diagram. The F fan P—"tr—iple point" is
again a Lifshitz point. One major difference occurs as a
result of the second-order character of the cone-fan tran-
sition. Consequently, the F—cone-fan conQuence point
is a critical end point (CEP).'

Phase diagrams, for external-field directions within the
ab plane, are presently being explored at the University
of Sio Paulo. In particular, both LP's mentioned above
form in the H, —Hb-T space a line of Lifshitz points. '

When the external-field direction is not exactly confined
within the ab plane, the F P transi—tion gets smeared (the
F phase no longer exists except for H =0). This property
is used experimentally to facilitate proper alignment of
the crystal with respect to the magnetic field.

30
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FIG. 1. Magnetic phase diagrams for MnP for external Selds
along the three principal crystallographic axes (from Refs. 1, 6,
and 13). Magnetic states are indicated by P (para, spin aligned),
F (ferro), SCR (screw), CONE (cone), and FAN (fan); Tc
denotes the Curie temperature, Tz the screw-F transition, CEP
the critical end point, TP the triple point, and LP the Lifshitz
point.

The crystal structure of MnP allows substitution of
both Mn and P atoms by other elements with similar
chemical properties. Magnetic composition —temper-
ature phase diagrams have been determined for several

Mn& ~'T~P (metal sublattice) solid-solution systems
['T=V, Cr, ' ' Fe,Co, and Ni, Mo,W ']. Substitution
of Mn atoms by 7 elements decreases in general the Cu-
rie temperature. This decrease is found to be roughly
proportional to the absolute difference in the number of
valence electrons ' ' between solute and solvent. On the
other hand, no simple systematics exist for the Tz transi-
tion. T& decreases for V'=Cr and Ni, whereas it in-

creases for the other elements. For low levels of Co sub-
stitution, Tz stays approximately constant.
Mn& ~Co~P was hence considered as the most promising
solid-solution system for which there will be only small
changes in the temperature coordinate of the presumed
Lifshitz point. The T-t phase diagram for powder sam-

ples of Mn& ~Co~P is shown in Fig. 2. Neutron-
diffraction measurements for these powder samples
showed an intriguing weak temperature dependence of
the propagation vector of the screw phase, in marked
contrast with that for MnP.

No experimental data or theoretical calculations are
available concerning the electronic state of the randomly
distributed Co atoms in Mn, ~Co~P. One may speculate
that the Co atoms act as approximately nonmagnetic di-
lutants because CoP itself is a Pauli paramagnet, and a
spin-glass state, presumably based on Mn atoms, occurs
for 8~0.3. If so, this would in the localized-moment
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reversibility behavior develops also for the cone phase,
with an "inverse" hysteresis at the cone —fan transition.
Further details are planned to be published in a forth-
coming paper.
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FIG. 2. Temperature —composition phase diagram for poly-
crystalline Mn& ~Co~P (from Ref. 20). SG denotes the spin-
glass region.

picture correspond to the random-site dilution model.
The rather narrow domain with ordered magnetism
(O. 00~ Z'~0. 25) in Mn, ~Co~P may be a result of com-

peting exchange interactions, which, on the other hand,
also are necessary for the presence of the incommensu-
rate magnetic structures.

The present paper reports on various features of an
Mnp 9Cop iP single crystal as investigated by ac suscePti-
bility under a constant external magnetic field. Some
data were obtained by magnetization measurements un-
der a constant field and others by the pulse magnetic-field
technique. The information concerning the sample and
experimental techniques is given in Sec. II. Section III
reports on the screw P transition —for H~~c. The two
main parts of the paper concern H~~b (i.e., the external
field along the intermediate direction). Section IV deals
with the phase transitions in the vicinity of the Lifshitz
point. In particular, it reports on the determination of
the exponent P for the diminishing inagnetization discon-
tinuity along the F-fan phase boundary, as well as on the
possible change of the crossover exponent P for
Mnp 9Cop &P in comParison with MnP. Section V deals
with various aspects of irreversibility behavior, which
occurs for the modulated phases at low temperatures.
The irreversibility behavior inside the fan phase area, and
the discovery of an irreversibility line which replaces the
classical second-order fan —P boundary for T~O, has
earlier been the subject of a short paper. The present
paper provides additional data and a detailed discussion
of the effect of dilution on the modulated phases and
phase transitions.

Preliminary results for HI~a (i.e., parallel to the hard
direction) have been previously presented. Those re-
sults confirmed that for any direction of the external field,
sizable hysteresis develops for all first-order transitions.
The phase diagram for HI~a is qualitatively similar to that
reported for MnP, including the presence of a LP. Ir-

The examined single crystal of Mnp9Cop, P was ob-
tained by the Bridgman method as described in Ref. 26.
The measurements were performed on a 41-mm cubic
sample cut along the principal crystallographic axes.

X-ray-diffraction studies on smaller single crystals of
Mn, ~ Co~P showed no signs of any long- or short-range
ordering of the Co and Mn atoms. This was furthermore
confirmed by neutron-diffraction studies of powder sam-

ples. Hence it is reasonable to conclude that Mn and Co
are randomly distributed over the metal sublattice. The
possibility of macroscopic concentration gradients was
checked by performing x-ray-fluorescence scans on the
different faces of the cube sample. No change in the
[Mn]:[Co] ratio was observed within the 1.5% accuracy
of the applied method.

For estimation of demagnetization effects, a demagnet-
izing factor of —,', i.e., the same as for a sphere, was used.

The nonspherical sample shape may, however, produce
inhomogeneities in the internal field. This may lead to
some smearing of the phase transitions measured in a
homogeneous external field. This aspect was experimen-
tally checked by cutting the corners of the cube after
completing the measurements. (This operation reduced
the sample mass from 252 to 206 mg. ) No clear improve-
ment in the quality of the y(H) curves was found, and
hence the cube was considered for the present experi-
ments to be as good as a sphere, being, however, more
easy to handle.

The ac susceptibility measurements under a constant
field were performed in Sao Paulo using the experimental
setup described in Ref. 3. The real (y') and imaginary
(g" ) parts of the longitudinal ac susceptibility were mea-

sured simultaneously. The modulation field, typically 4.5
Oe, 170 Hz, was applied along the external constant field.
Almost all runs were made at fixed temperature by vary-

ing the field (up to 65 kOe) at a slow rate between 35 and
140 Oe/s. The sample was aligned with respect to the
external field (estimated accuracy ( 0.2') by tuning the
sharpness of the F P transition (as —described in Refs. 2
and 3).

The real part of the susceptibility is proportional
to the derivative of the bulk magnetization,
g'(H) ~dM(H)ldH. The derivative character of the
g'(H) signal ensures a more precise localization of both
first- and second-order transitions than the M (H) curve
alone. Moreover, the imaginary component y "(H),
which rejects dissipation of energy, provides additional
information concerning the transition order. ' However,
for the first-order transitions in Mnp 9Cop iP, the g'(H)
curves show no distinct peaks, as can be expected for
M(H) discontinuities. This occurs because the modula-
tion field (of a few Oe) in this case is smaller than the
width of the hysteresis of the transition, and the sample
magnetization (in the ac field) follows a sequence of
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minor hysteresis loops whose inclination is not directly
related to the slope of the M (H) curve.

The magnetization jump for the first-order F—fan tran-
sition was measured by a pulse-field magnetometer,
which was also used earlier for the introductory examina-
tion of the Mnp 9COO ~P single crystal. A liquid-

nitrogen bath kept under 0.1 —3 atm pressure was used to
ensure good temperature control. The magnetization
measurements under a constant field were performed us-

ing a vibrating-sample magnetometer with a supercon-
ducting magnet.

bility. First, a deep minimum in the susceptibility is not-
ed at about 0.9T&, which in turn leads to a pronounced
peak near Tc (see Fig. 2 in Ref. 26). Second, there is a
large decrease of y'(T) inside the F region starting well
above the screw —F transition. The decrease in zero-field
susceptibility of the F phase on approaching the first-
order screw —F transition occurs only in small fields and
seems to be a novel feature for the disordered system.
(Similar observations have earlier been made for poly-
crystalline samples. ' ') A constant-bias field applied in
any direction restores the sharpness of the y'( T) curves.

III. PHASE TRANSITIONS FOR A FIELD
PARALLEL TO THE EASY DIRECTION ( H

inc�

)

Application of a magnetic field parallel to the easy
direction in MnP (H~~c) introduces a first-order screw P—
transition with a magnetization discontinuity almost
matching the saturation moment. ' The ac susceptibility
data shown in Fig. 3 suggest that the same transition
occurs for Mno 9Coo &P. At the limit T~O the transition
fields are -2.6 kOe for MnP (Ref. 13) and -2.3 kOe for
Mno 9Coo IP (for increasing field conditions). The demag-

netization effect causes the screw —I' transition to start at
Hs; and to be completed at Hs; (Fig. 3). The expected
magnetization jump is about 1.0p~, corresponding to a
1.7-kOe demagnetization field. This estimate is con-
sistent with the measured transition spread.

Under decreasing fields, the P-screw transition
spreads over the interval Hs

„

to Hs d (Fig. 3). The hys-

teresis width at 4.2 K is 1.14 kOe. A sketch of the low-

temperature part of the magnetic phase diagram for the
easy direction of Mno 9Coo &P is shown in the inset to Fig.
3. Because of the small magnetization of the screw
phase, the transition fields Hz, and Hz d correspond ap-
proximately to the true internal fields. The appearance of
a large hysteresis seems to be the only remarkable
difference with respect to MnP, where it also exists, but
being quite small.

Two previously observed features which do not occur
in pure MnP were observed in the zero-field ac suscepti-

IV. PHASE TRANSITIONS FOR A FIELD
PARALLEL TO THE INTERMEDIATE DIRECTION
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A. Phase diagram near the Lifshitz point

The global phase diagram (from Ref. 23) for
Mno 9Cop ]P for the most extensively studied field direc-
tion H~~b is shown in Fig. 4 in order to facilitate the dis-
cussion of its individual regions. The high-temperature
part of Fig. 4 is qualitatively similar to the corresponding
diagram for MnP. However, the characteristic tempera-
tures and magnetic fields are scaled down. Representa-
tive susceptibility curves near the F-fan-P point are
shown in Fig. 5. For T 100 K, the susceptibility of the
F phase increases only slightly with increasing applied
field up to the critical field K&, whereafter it falls to a low

VJ
I

2

K
KI-
R
K
C
x

Hll c, 4.2K

Hsd HSI

I

3
H (koe)

I0
Z I

20—

LP
++++++++++++

++
F ~~ +

+

20016080 120

T (MnP) T (,
' K)

+
&If

+
+

++
+ ~ LP (MnP)

++
FAN

10~
++

++
COhPLEXX +
MAGNETIC X
BEHAVIOR X +i ++

0 I I I I I I I I « I I » I I

0 4p

FIG. 3. Susceptibility y'(H) curve at 42. K for external field

H~~c, swept up and down through the screw —P transition. The
inset shows the corresponding phase diagram.

FIG. 4. Global magnetic phase diagram for Mnp9cop &P

(H~~b) (from Ref. 23 with slight modifications). The locations of
the LP, Tz, and F—fan line (dashed curve) for MnP are included

for comparison.
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FIG. 5. Selected susceptibility traces y'(H) (HIIb) at «mp«-
atures given in the illustration. Curves (a) below TI and (e)

above TL show the way of deducing transition fields. Curves

(b)—(d) show y (H) in the vicinity of LP. The curves are shifted

horizontally for clarity; field scale markers (in kOe) are given

for each curve. Note that the field scale for curve (a) is half the

others.

value characteristic of the P phase. At lower tempera-
tures the transition to the P phase occurs in two steps,
and the corresponding fields are denoted H& and H +.
The phase intersecting the F and P regions is, in analogy
with MnP, interpreted as the fan phase. The transitions
appear more smeared than those observed for MnP. The
transition fields were determined by the intersection of
tangents to the g'( T) curve somewhat arbitrarily selected
just below and above the transition (Fig. 5).

A qualitative difference with respect to the situation in
MnP is the occurrence of an appreciable hysteresis at the
F—fan transition. The corresponding transition field H,
must accordingly be specified as H&, and H& d for in-

creasing and decreasing field conditions, respectively.
More remarkably, the data in Fig. 5 suggest that this hys-
teresis originates, at least in part, from the irreversible be-
havior of the very fan phase, as testified by its different

susceptibility for increasing and decreasing fields (see Sec.
V B).

The most relevant part of the phase diagram for the
analysis of LP properties is shown in Fig. 6. This illustra-
tion contains data from two measurement series. Series
No. 1 contains data for runs recorded for increasing
fields, with temperature successively stabilized at lower
values (within 0.2 K). For series No. 2 (done 2 weeks
later), y'(H) was recorded for increasing and decreasing
fields to resolve the hysteresis of the F-fan transition,
and the temperature was increased in steps. The values
of H + and H, were extracted up to 92.7 K; however,

even up to -95 K (the dotted vertical line in Fig. 6), the
occurrence of two transitions can still be seen in y'(H).
This provides the lower limit for the temperature coordi-
nate of the LP.

B. Crossover exponent
in Mno 9Coo &P: Comparison with MnP

The thermodynamic quantities near multicritical
points are described by the extended scaling theory in
terms of two scaling variables t and Jf. The phase boun-
daries are given by

t =B,.pl

where P is the crossover exponent and B s are the ampli-

tudes which are different for each of the i phase boun-
daries.

To make use of Eq. (1), a local coordinate system t, p'is
defined in the T,H plane, centered at the Lifshitz point at
TI,HL. The direction of the p axis is uniquely deter-
mined as tangent to the phase boundaries. The direction
choice for the t axis is arbitrary as long as the asymptotic
behavior is concerned, but an optimal choice extends the
range of validity of the scaling laws.

The crossover exponent P was determined from
magnetic-phase-diagram data according to the method
applied by Shapira et al. for MnP. The method is based
on the simplifying assumption that the t axis is parallel to
the H axis of the H —T phase diagram. The data on the

H& and H& phase boundaries are then fitted according

to the formula
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FIG. 6. Phase diagram near the LP (HIIb). Specification of
symbols is given in the illustration.

with B*,TI, and (t as fitting parameters. The power-law
fit to the dijference Hz+ —H, reduces the number of
fitting parameters to a minimum. In particular, it is not
necessary to introduce the inclination of the scaling axis p
or the field coordinate HL for the LP.

All experimental points for increasing field (series Nos.
1 and 2) were treated as one set since these two series are
quite consistent. Fits to Eq. (2) using different fitting
ranges show that one can obtain stochastic distribution of
the individual deviations by limiting the fitting range to
72 K. For that fitting range, which comprises 31
experimental points and corresponds to about
one decade, 0.03 (p & 0.25, in the relative coordi-
nate p = ( T —TL ) /TL, one obtains P =0.641(12),
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Tt =99.0(3) K, and B*=0.040(4) kOe K
It should be noted that uncertainty introduced by sys-

tematic errors may be larger than the calculated standard
deviations (in parentheses). A particular systematic er-
ror, which is most difficult to estimate, concerns the relia-
bility of the adopted method for determination of the
transition fields. Another possible error, which is specific
to MnQ9CoQ IP, may result from the hysteresis of the
F—fan transition. It appears, however (see Sec. IVC),
that the hysteresis width is governed by a power law with
a similar exponent, and hence the choice between H, ,
and H& & should be irrelevant. [A fit to seven points for
series No. 2 using H &; values gives / =0.643(21),
whereas, using H, z, /=0. 644(24) is obtained. ] Finally,
the external magnetic fields without any demagnetization
correction were used in the analyses. Shapira et al. ar-

gue that such a neglect should not afFect P by more than
0.01. A final estimate for the crossover exponent in

Mnp &Cop &P is P =0.64+0.04 for the fitting range
0.03 (p &0.25.

The obtained values for the crossover exponent may be
affected by the choice for the t scaling axis. However,
the same procedures as in Refs. 1 —3 and 5 were followed
in order to facilitate a reliable comparison between the P
values for MnQ9CoQ &P and MnP. Shapira et al. ob-

tained 0.63+0.04 for the fitting range p &0.35. More re-

cently, Bindilatti obtained, for a more favorable sample
shape (sphere instead of rectangular parallelepiped) and
smaller ranges of the p variable, 0.605(17) for p &0.21
and 0.596(32) for p &0.13. Considering the errors, it is
concluded that, within the limits of error, the crossover
exponent for MnQ 9CoQ &P is the same or just slightly

larger than for MnP.
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FIG. 7. Selected magnetization curves M(H) (HIb) at
different temperatures, which show a F-fan discontinuous tran-
sition.

( =dM/dH), b,M can be extracted as the area under the
dM/dt peak. This is shown in the inset to Fig. 8. (Ex-
amples of complete dM/dt curves are given in Ref. 26.)
The estimates of AM for T~90 K become gradually
more uncertain because the vanishing peak of the F-fan
transition is merged with the smeared A, anomaly of the
critical line (compare the curves for 90 and 100.5 K in

the inset to Fig. 8, the peak being distinguishable up to
about 94 K).

Figure 8 shows the resulting plots for bM vs T and
(4M)'~ vs T. The approximately linear character of
[bM(T)]' for T ) 80 K testifies to the fact that, on ap-

C. Magnetization discontinuity
and hysteresis of F-fan phase boundary

The first-order characteristics of a discontinuous tran-
sition have to decrease continuously to zero on approach-
ing any multicritical point. The application of power
laws for the temperature dependence of the magnetiza-
tion jump,

Mhpg Cop q P

A Ib

I I

H) (~
k

I

I

100.5 K

90.0 K
L

C
X
Q
th

hM ~ (Tt —T)~ (3)

(with an analogous expression for the hysteresis width), is
at least a natural way for parametrization of experimental
data.

The magnetization discontinuity for the F—fan transi-
tion in the vicinity of the LP has not been measured for
pure MnP. As discussed in Sec. II, the ac susceptibility
method cannot establish the correct dM/dt in the region
of the first-order transition. It is also difficult to derive
accurate values of hM from dc magnetization curves
(Fig. 7) because of uncertainties involved in extrapolation
procedures. (The susceptibility of the fan phase is strong-
ly field dependent, and so one cannot perform a linear ex-
trapolation. ) In spite of its shortcomings, the pulse-field
method brings about the most reliable data for the mag-
netization jump in close vicinity to the LP where the
value of hM becomes well below 1 emu/g. Because of
the differential character of the primary signal dM/dt
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FIG. 8. Magnetization discontinuity bM and its square root
(AM)' for the F-fan transition as a function of temperature
(HIb). Circles and squares correspond to two measurement
series. The inset shows how hM is derived from primary pulse-
field signals.
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FIG. 9. Hysteresis width H&; —H& d of the F—fan transition
as function of temperature (HI~b}. The solid line shows an ex-
ample of a least-squares fit to the data, two points excluded.
Concerning choice Nos. 1 and 2, see Fig. 5 and text.

field approximation (MFA). The exponent P= —,
' was cal-

culated by Yokoi, Coutinho-Filho, and Salinas, and the
present measurements represent a confirmation of this
prediction.

The hysteresis is in principle a nonuniversal quantity
because the first-order transition occurs before reaching
the stability limit of the (old} phase. The stability limits
for the first-order transition in the uniaxial LP were cal-
culated within the MFA by Michelson, who obtained
P= —,

' for both overheating and undercooling. Recent re-
sults for the first-order spin-Hop transition in the disor-
dered systems, K2Fe(Cl& Br )5 HzO (Ref. 35) and
K2Fe, In C15 H20 (Ref. 36) show that hystereses
occur, contrary to the lack of hysteresis in the corre-
sponding pure compounds. This is similar to what is
occurring in MnP where a very small hysteresis is found
in the pure compound, but a significant one in the disor-
dered system. Reference 35 explains this phenomenon in
terms of inhibition of nucleation processes by pinning in
the disordered system.

proaching the LP, the vanishing of AM can be described
by a power law with the exponent P=0.5+0.05.

The data for the hysteresis width, hH„»,=H, ,
—H, d,

are shown in Fig. 9. The values of EHhy t were either
determined by subtracting H, d from Ht; (both deter-
tnined by the tangent method, choice No. 1) or were read
out directly from the y'(H} scans (as shown in Fig. 5,
choice No. 2). In the region T) -72 K, the dependence
bH&„„(T)can be described by a power law with an ex-
ponent between 0.5 and 0.6, depending on the fitting
range and data set chosen.

D. Discussion

The work of Hornreich, Luban and Shtrikman stimu-
lated the rapid development of the modern theory of the
LP in homogeneous systems. The universality class of
the Lifshitz point in MnP is characterized by the space
dimension d =3, the order parameter dimension n =1,
and the wave-vector instability dimension m =1.' The
comparison of the experimental exponents for pure MnP
with the theoretical predictions are discussed in Refs.
1 —7.

We are not aware of any theoretical predictions con-
cerning LP's in systems with frozen disorder. According
to the Harris criterion, ' the random exchange in6uences
the critical behavior only when the specific-heat exponent
is positive. Since the value of aL in pure Lifshitz systems
is large and positive, one may expect, in analogy to the
random-exchange Ising model, that uL should decrease
as a result of disorder. The specific-heat and crossover
exponents are related by scaling laws ' [up to the first-
order c expansion according to the relation
2 —uL =P(d —m/2)]. The decrease in aL should bring
about an increase in P. The experimental results are in-

conclusive, since they bring about a small increase in P,
which is also consistent with an unchanged P within ex-
perimental error.

Theoretical predictions concerning a first-order bound-
ary terminated in a LP are given only within the mean-

V. PHASE TRANSITIONS FOR A FIELD
PARALLEL TO THE INTERMEDIATE DIRECTION

(HIIb): IRREVERSIBILITY PHENOMENA
AT LOW TEMPERATURES

A. Screw-fan transitions

All first-order transitions in Mnp 9Cop &P, for any direc-
tion of the magnetic field, reveal some kind of hysteresis.
Of these, the hysteresis behavior of the screw —fan transi-
tion appears particularly complex.

Figure 10 shows the real (y') and imaginary (y" ) com-
ponents of the longitudinal susceptibility as a function of
applied field at 4.2 K. On increasing the field, y'(H)
varies in a steplike manner before reaching the charac-
teristics of the fan phase. The corresponding y"(H) com-
ponents shows three distinct peaks (Fig. 10), labeled H,
H&, and H . Since energy dissipation occurs for a first-
order transition, it seems possible that the transition to
the fan state occurs via two additional phases on (and
only on) the increasing field (one existing between H and

H& and one between H& and Hr). The y'(H) curve in

Fig. 10 suggests, on the other hand, that the transition
into the fan phase at H~ occurs, with a g' value charac-
teristic of the fan phase, as observed for decreasing-field
conditions. On further field increase, g' first follows a
part of a fan-phase minor hysteresis loop (as will be dis-
cussed in Sec. V B},and then at Hs joins the g'(H) curve
characteristic of the field-increasing fan phase.

On decreasing-field conditions, the transition from the
fan to the screw phase shows a completely different be-
havior. The fan phase is, for decreasing-field conditions,
preserved down to a quite low field H, without the pres-
ence of any precursor effecting the susceptibility prior to
the fan —screw transition. Then the transition to the ini-
tial screw state occurs quite violently, with a noisy, ir-
reproducible behavior in both g' and g' . Figure 11 illus-
trates this behavior for g"(H}

The steplike character of the screw —+fan transition is
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FIG. 12. Magnetization traces at 4.2 K (HIb). The solid
curve corresponds to field sweeps up and down for the "virgin"
sample (i.e., cooled in zero field). The dotted curve shows the
subsequent sweep "up."

8
H (kOe)

I

12
I

16

H ll b
i0.6 K

FIG. 10. Real and imaginary components of susceptibility in
the screw-fan transition region at 4.2 K (H~~b). The scale for
g"(H) is 4X that for y'(H). The symbols on y'(H), denoting
characteristic changes, correspond to points marked in Fig. 13.

further confirmed by magnetization measurements (Fig.
12). Note that after the first cycle, starting from an un-
magnetized sample, a residual magnetization of about
4 emu/g is obtained in zero field. Consequently, the sub-
sequent magnetization process in increasing fields
progresses somewhat difFerently, as seen for M(H) in Fig.
12.

The temperature dependences of the various charac-
teristic fields discussed above are shown in Fig. 13, to-
gether with the transition field for the F-fan boundary at
high temperatures. On comparison of these curves, the
zero-field F—screw transition temperature is determined
as Ted=36. 5+0.5 K. The F-screw-fan triple point is
not well defined because in the vicinity of Tz any of the
three phases may be stable because of the overlapping
hysteresis regions.

The structure of the possible intermediate phases (for
increasing field) can be elucidated only by neutron
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FIG. 13. "Phase diagram" for the F—screw-fan transition
region (H)Ib). Specification of symbols is given in the illustra-
tion; corresponding labels are also marked in Fig. 10.
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diftraction. One possibility can be the so-called helifan
structures, recently discovered for holmium. The noisy
behavior observed under decreasing-field conditions
resembles the so-called Barkhausen noise connected with
domain structures. Recently, this type of phenomena has
been recognized as an example of the self-organized criti-
cality (compare Fig. 11 with Fig. 1 in Ref. 38).

B. Irreversibility behavior
inside the fan-yhase region

The behavior of the magnetic susceptibility inside the
region corresponding to the fan phase was previously re-
ported in Ref. 23. In Secs. VB and VC, the main
findings are briefly recapitulated and discussed in relation
to some results on the same issue.

A strong irreversibility is found inside the fan region.
At a given temperature, the susceptibility measured on
increasing 6eld is higher than for the reversed field direc-
tion, mentioned already in relation to Figs. 5, 10, and 12.
The y'(H) curve at 4.2 K, shown in Fig. 14, illustrates
this stunning irreversible behavior inside the fan phase
and demonstrates also the appearance of the minor hys-
teresis loops. In Fig. 14 the field was first increased to
about 60 kOe, so that the system reached the P phase and
then decreased. After initiation of the irreversible behav-
ior (between 40 and 50 kOe), the field was increased and
then decreased again in order to form the minor hys-
teresis loop (5—6 in Fig. 14). This process was then re-
peated several times and is illustrated by the loops (7—8),
(9—10), (11—12), (13—14), and (15—16). The dotted line in

Fig. 14 shows a subsequent complete field run up into
the P phase and back down to zero field. Besides this
hysteresis behavior, it is seen that on decreasing the field,
a g' lower than that obtained with the nonstop decrease
of the field may be attained [as evident from the region
between (7—8) and (11—12) in Fig. 14]. Another observa-
tion in low fields is that values of g' corresponding to the
loop (15—16) can only be obtained on decreasing-field

conditions. The hysteresis width inside the fan phase is
about 8 kOe roughly throughout the fan phase.

In order to check the long-term behavior of the mag-
netic state at a given field and temperature inside the fan
phase, an experiment was made where the system was
brought to the state denoted A in Fig. 14. For the stud-
ied 4-h period, the susceptibility remained constant, and
no sign of relaxation to the limits of the hysteresis region
was observed.

The possibility of thermal hysteresis inside the fan
phase was also considered. The field was first fixed at
20.4 kOe, and the temperature was decreased from 60 to
28 K. The P—fan transition appears as a distinct peak in

No anomaly was observed in g". Then, at 28 K, the
field was increased to 24 kOe and the sample warmed up
to about 50 K. While keeping the field at this value, the
system was cooled to 28 K. These runs are illustrated by
the g' curves in Fig. 15, where no significant thermal hys-
teresis is seen (estimated as maximum 0.5 K at the lowest
temperature). The overall picture of a lack of a sizable
thermal hysteresis is contrary to the huge hysteresis ob-
served when the field was varied.

For the discussion of the strong irreversible behavior
inside the fan phase, let us 6rst consider the possibility
that the efT'ect originates from domains as normally found
for hard ferromagnetic materials. The present sample is
a single crystal, which implies that a semimacroscopic
mechanism such as a difhculty in reorientation of the M
vector in monodomain crystallites (which contributes to
the irreversible behavior in technical magnets) can be ex-
cluded. The pinning centers in a single crystal have, in
our opinion, not high enough energy barriers to account
for the magnitude (some 10 kOe) of the fields involved in
the hysteresis. The inhomogeneities at the atomic level
(concerning the distribution of Co atoms) can hardly ac-
commodate such a pinning mechanism.

A more reasonable explanation could be the oc-
currence of "lock-in"-type phases inside the region corre-
sponding to the fan phase, in which the wave vector q is
1ocked at a particular value. In fact, in pure MnP, the q
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FIG. 14. g'(H) in the fan phase (H(~bl illustrating hysteresis

behavior and the onset of irreversibility behavior at high fields.

The solid curve shows field sweeps switched up and down (pro-
gressively numbered) to produce hysteresis loops. The dashed

curve segments indicate the difference of subsequent runs (only

up and down in field) from the previous oscillatory run.
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FIG. 15. y'(T) at 24 kOe extracted from continuous record-
ings on increasing and decreasing temperature conditions (solid
and dashed line, respectively), after cooling the sample in zero
field (H(~b).
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C. Fan-P transition region: Irreversibility line

The reversible behavior is recovered when the system
enters the P phase at high fields. At high temperatures
the fan P transition —appears in the y'(H} curves as a
kink followed by a sharp drop in y' (see Fig. 5). As the
temperature is lowered, the transition field increases and
the signature of the second-order fan-P transition be-

CO
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z
Cl
K
C

lib
Oe
0 Hz

10.0 K

17.3 K

3.0 K

9.0 K

vector of the fan phase is field dependent. ' The q(H}
dependence was studied for powder samples of
MnosCo02P, and the results show a significant field

dependence (22% decrease on going from 2 to 12 kOe;
see Fig. 13 in Ref. 22). The behavior of the fan phase in
pure MnP has previously been discussed in terms of the
axial next-nearest-neighbor Ising (ANNNI) model, which
considers lock-in phases and commensurate—
incommensurate transitions. The unusual magnetic be-
havior inside the fan phase was there attributed to the
possible existence of a sequence of closely spaced first-
order commensurate-incommensurate transitions. The
present results for Mno 9Coo,P favor this kind of inter-
pretation. The lack of a noticeable time dependence is
also consistent with the picture of lock-in phases.

Finally, the lack of appreciable thermal hysteresis in
field-cooled experiments (Fig. 14) should be noted, which
may be due to the weak temperature dependence of the
wave vector q in a given field. In the lock-in phase pic-
ture, this will, at least qualitatively, explain the lack of
thermal hysteresis since the value of q (and hence y) is
mainly determined by H. [Measurements for powder
samples of Mno sCoo 2P show an intriguing weak (some
2%) temperature variation of q between 10 and 50 II

(compared with an 11% decrease for the screw phase of
MnP in zero field}. This behavior contrasts with the
strong field dependence of q, which is illustrated by the
fact that the effect of a 1-kOe field corresponds to a 20-K
temperature change. ] Single-crystal neutron-diffraction
data will be of fundamental importance in order to pro-
vide an experimental answer to the irreversibility behav-
ior.
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tion.

comes less pronounced and disappears below 10 K. The
evolution is shown in Fig. 16. Note that the field where
irreversibility starts, H;„,is always higher than H&+. On

further decrease of the temperature down toward 1.7 K,
the irreversibility field continues to increase. The method
for determination of H;„is discussed in Ref. 23. The re-
sulting phase diagram is shown in Fig. 17.

This behavior contrasts with that found in pure MnP
where no irreversibility is observed, the second-order
transition to the P phase is very sharp, and the transition
field approaches a constant value as T~O. Note that
H + occurs at almost the same fields for Mno 9Coo &P and
MnP.

A sharp increase of the irreversibility line as T~O is
predicted to occur for the random-field Ising model
(RFIM). It is well known that the RFIM is experimen-
tally realized for a diluted antiferromagnet in an external
field. " The existence of an irreversibility line for a dilut-
ed Ising antiferromagnet in field has been confirmed by
Monte Carlo simulation. It is possible that the
irreversibility-line behavior in MnQ9Coo, P is related to
the RFIM predictions. However, it is diScult to tell
whether an appropriate model for Mn09COO &P can be
put in correspondence with the RFIM. If so, substitu-
tionally diluted MnP will be a convenient experimental
system for studying RFIM effects at the T~O limit,
since the critical line hits T=0 at quite a low field.

APPLIED FIELD (kOe)

FIG. 16. Selected susceptibility traces y'(H) (HIb) at tem-
peratures given in the illustration. The curves are shifted hor-
izontally for clarity; field scale markers (in kOe) are given for
each curve. Note that for T=10.0 K remanence of the H +

kink can still be seen.
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