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Evidence for the Ising-Lifshitz crossover in MnP
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Manganese phosphide~MnP! is one of the few magnetic systems in which a uniaxial Lifshitz point~LP! has
been identified. For the external magnetic field applied along the crystallographicb axis, the LP occurs at
TL512161 K and Hb516.4 kOe, at the confluence of modulated, ferromagnetic~F!, and paramagnetic~P!
phases. It has been shown that the magnetic susceptibility at fixed temperature~x! as a function ofHb diverges
at theF-P phase boundary with the specific heat exponenta. In this workx3Hb was measured across theF-P
phase boundary fromT'200 K down toT5121 K. From the analysis of the divergence,a was evaluated at
different temperatures. ForT well aboveTL , a'0.12, a value close to the prediction for the three-dimensional
Ising model. AsT is lowered, the divergence gets sharper anda increases, reachinga50.44 at TL , in
agreement with predictions for this uniaxial LP.
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I. INTRODUCTION

Previous studies made of MnP~Refs. 1–3! stressed its
connection with thed53 anisotropic next-nearest-neighb
Ising models that show a uniaxial Lifshitz point~LP! in the
T3k plane~T is temperature andk5J2 /J1 is the ratio be-
tween competing antiferromagnetic and ferromagnetic
change interactions!. In mean-field theoryk520.25 at the
LP. Lifshitz points arise in magnetic systems with compet
interactions at the confluence of a modulated and a ferrom
netic phase~F! with the paramagnetic phase~P!. The transi-
tions from the ordered phases to theP phase are secon
order. In MnP, the modulated phase near the observed L
a fanlike one~FAN!,2 with the wave vectorq in thea direc-
tion ~the hard magnetic axis!. Neutron-diffraction measure
ments of spin-wave dispersion curves in MnP,4 interpreted in
terms of a model with interactionsJ1 and J2 , respectively,
between nearest- and next-nearest-neighbor planes pe
dicular to thea axis, showed thatk is T dependent, varying
between20.27 and20.23 from 70 to 200 K. At the LP
temperature (TL) k is near20.25. Thus, in MnP, the vari
able controllingk is T and a small interval ink is mapped in
a wide range ofT. Since it is naturally tuned close to th
critical ratio for the competing interactions, MnP is an ide
material to study the critical behavior near the LP.

MnP has an orthorhombic structure~a55.92 Å, b
55.26 Å, c53.17 Å! and becomes ferromagnetic at 291
with its magnetic moments aligned along thec axis ~easy
axis!. The phase diagram of MnP obtained when the m
netic fieldH is applied perpendicular to the easy axis sho
a line of multicritical LP’s. This line of LP occurs atT
'121 K,5 and extends fromHia to Hib ~see Fig. 1 of Ref.
5 for the phase diagram in theHb3Ha3T space!. We refer
also to previous papers for a detailed discussion of the r
ness of phases and the different types of critical beha
encountered in this material. What concerns us in this pa
is the critical behavior along the boundary that delimits theF
phase—in particular, the second-order line contained in
Hb3T plane that ends at the LP. At temperatures mu
higher thanTL , the critical behavior along this line is ex
pected to be of the Ising type and should crossover t
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Lifshitz critical behavior close to the LP.
In Fig. 1, the phase diagram in theHc3Hb3T space is

schematized. The portion of this phase diagram involving
FAN phase was experimentally explored in Ref. 2. This d
gram is also based on the theoretical study of Ref. 6. ForHic
the applied field corresponds to the ordering field for theF
phase. The surface separating the↑ and↓ magnetic moment
orientations is a coexistence surface. Transitions across
surface are first order. The coexistence surface is limited
temperatures aboveTL by the second-orderl line that sepa-
rates theF from the P phase. For increasing applied field
along theb axis, a genuine phase transition is only possible
the field is rigorously alongb ~no c component!. We will see
how important it is to get rid of anyc component ofH in
order to observe the mentioned crossover.

Our analysis of the nature of the critical exponent alo
the F-P phase boundary will be strongly based on the th
retical paper of Riedel and Wegner7 on the scaling approach
to anisotropic magnetic systems. When an anisotropy ax
present in a ferromagnet and the magnetic fieldH' is applied

FIG. 1. Schematic phase diagram of MnP close to the Lifsh
point ~LP! in theT3Hb3Hc space.Hc is the ordering field for the
F phase. The surface separating the↑ and↓ directions is a coexist-
ence surface which is limited, forT.TL , by the second-orderF-P
l line. ForT,TL , second-order FAN-P transitions occur across
surface limited by the two lines of tricritical points~TPL!.
8965 ©2000 The American Physical Society
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perpendicular to this direction, the Curie temperatureTC de-
creases with increasingH' and a line of ordinary critical
points is generated in theT3H' plane. In Fig. 1 this line
corresponds to the criticall line that delimits the coexistenc
first order surface. Along this line, the critical exponents
those associated with the universality class of the crit
Curie point. In MnP this line is expected to be Ising lik
because the order parameter that corresponds to the ma
tization along thec axis has a single component (n51). In
the scaling assumption made by Riedel and Wegner,
thermodynamic functions close to thisl line will depend on
H'2Hl in the same way as they depend onT2TC when
H'50. For instance, in their analysis they find that

mi}uHl2H'ub, m'
sing}uHl2H'u12a, ~1!

x i}uHl2H'u2g, x'
sing}uHl2H'u2a, ~2!

wheremi and x i are the components of the magnetizati
and the susceptibility measured along the easy axis, andm'

sing

andx'
sing the singular parts of the magnetization and susc

tibility measured along the transverse direction. The indi
b, g, anda are the usual critical exponents associated w
the magnetization, susceptibility, and specific heat. The
evant point for us in this work is that the transverse susc
tibility diverges along thel line with the critical exponenta,
usually associated with the specific heat. The possibility
tune very precise values ofk by means of the temperatureT,
together with the fact that (H'2Hl) can be associated wit
the thermal axis, permits that the measurement ofx'

5]m' /]H' as a function ofH' ~the thermal axis! at fixed
temperature~that is, at a fixed value ofk! can be used to
obtain the value of the exponenta along theF boundary line.
What is expected is that, as the LP is approached, the va
of the critical exponents will ‘‘cross over’’ to the value
associated with the Lifshitz universality class. The value
the critical exponentaL at the LP was already measure
together with the critical amplitude ratioA1 /A2 . The val-
ues areaL50.46 andA1 /A250.65.8 For the Ising model
the predicted values for these two critical parameters area I
50.125 andA1 /A250.55.

Hornreich, Luban, and Shtrickman9 worked out the theo-
retical predictions for the LP. Two pairs of critical exponen
are introduced (n2 ,n4) and (h2 ,h4), which describe the
critical correlations in them and d2m subspaces~m is the
dimensionality of the wave vectorq of the modulated phase!.
The upper critical dimension for the Lifshitz behavior isdc
541m/2. To first order ineL5d2dc ,

n45
n2

2
5

1

4 S 11
n12

2~n18!
eLD1O~eL

2!. ~3!

These critical exponents relate toaL through the hyperscal
ing relation

22aL5mn41~d2m!n2 . ~4!

For the uniaxial LP point~d53, n51, m51!, we haveeL
53/2 andaL57/1650.4375. Although the amplitude rati
at LP’s has been the object of recent theoretical work,10,11no
predictions exist for the uniaxial LP in question.
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II. EXPERIMENTAL SETUP AND PROCEDURES

Measurements of the ac susceptibility were performed
a MnP single crystal, cut into a 5.2-mm-diam sphere. W
used a frequency of 17 Hz and a modulation fieldhac
52.5 Oe. The sample was mounted at the end of a rod
fitted into a small Dewar that also accommodates the pic
coils. The temperatureT was measured with a carbon-gla
resistor in direct contact with the sample. In this setupT
could be varied from 1.2 K to room temperature and ma
tained constant within 0.01 K for long periods of time. Th
runs were made at fixedT with H varied at a rate of 3.4 Oe/s

The superconducting magnet was mounted in a platfo
which can be tipped around the vertical in order to perm
fine alignment of the field axis~within 64°!. The sample was
mounted with itsb axis along the axis of the pickup coils an
very close to the applied field direction (Hihacib). The final
alignment was madein situ by gradually tipping the magne
in order to eliminate any component of the field along thec
axis ~in other words, to eliminate any component of the o
dering field for theF phase!. The shape of the susceptibilit
curves at theF-P transition near the LP was used to monit
this procedure. In this experiment the alignment was mad
T5126 K, but control checks were also made at higher te
peratures. In Fig. 2 the shape of the susceptibility curves n
the phase boundary is shown as a function of the devia
from theb axis, towards thec axis (fc) and also towards the
a axis (fa). A component of the field along thec axis tends
to destroy the second-order transition. The curves get p
gressively rounded, and only a 1° misalignment is suffici
to ruin the experiment. The deviation towards thea axis is
not critical since we are still crossing a second-order tran
tion surface. This is clearly shown in Fig. 2 as the absenc
rounding with respect to thefa50 trace. The final align-

FIG. 2. Experimental curves forx3H at T5126 K, obtained in
the process of orienting the field along theb axis. The magnet was
rotated relative to the sample in thebc plane, in order to eliminate
anyc component of the applied field, and also in theba plane. The
deviation angle of the field from theb axis is indicated for each
trace.
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ment was estimated to be better than 0.05° in thebc plane
and 0.5° in theab plane.

III. RESULTS AND DISCUSSION

In Fig. 3 the data forx3H are shown as a sequence
curves, each for a differentT. The curve for the highestT
corresponds to 187.4 K and the lowest to 120 K. The cha
in the curves as the temperature decreases is obvious.T
approaches the LP, the singularity becomes sharper. The
cay of x as we enter into theP phase also becomes le
abrupt asT decreases, in spite of the lower temperature. B
effects reflect the variation ofa along the boundary. In Fig
4 the curves forT5170.5 and 121.4 K are compared.

The experimental data, previously corrected for the
magnetization factor of the sphere, were fitted to the exp
sion

xH5x0H1
A

a
~h2a21!, ~5!

whereh5uH2Hlu/Hl . The regular termx0H is necessary,
since in the absence of the singular contribution, the sus
tibility should be constant inside theF phase (H,Hl) and

FIG. 3. Isothermalx3H curves withH along theb axis. From
left to right the temperatures are 187.4, 170.5, 154.0, 132.4 K
The the lowest temperature isT5120 K.

FIG. 4. Comparison of two traces obtained at temperatures
above ~170.5 K! and very close to the LP~121.4 K!. Note the
different horizontal axes.
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very small in the disordered phase (H.Hl). The singular
term on the right-hand side contains the essential singula
of the Riedel-Wegner expression@Eq. ~2!#, in a form widely
used in the analysis of specific heat data.12

We designate the fit parameters corresponding to d
points sets above (H.Hl) and below (H,Hl) the transi-
tions with superscripts~1! and ~2!, respectively. Nonlinear
least-squares fits were performed to adjust the data and
tain values forx0

6 , A6, a6, andHl
6 . As shown in Ref. 8,

consistent values fora6 andHl
6 with unconstrained fits are

obtained only close to the LP, where the singularity is mo
pronounced and the phase boundary is nearly ‘‘parallel’’
theT axis. At higherT thel line becomes more inclined an
the ‘‘true’’ thermal axis becomes inclined relative toh. Be-
sides, the rounding effect becomes more pronounced. Du
these problems, we made the option in the analysis to
form only constrained nonlinear least-squares fits with
conditionsa15a2 andHl

15Hl
2 .

In Fig. 5 the fits to the singular part of the susceptibili

. .

ll

FIG. 5. Plots of the nonlinear fits to Eq.~5! for data with ~a!
T5170.5 K and~b! T5121.4 K. The corresponding parameters a
listed in Table I.

TABLE I. Numerical results of the constrained fits for five s
lected temperatures along theF-P l line.

T
~K! a

Hl

~kOe! A1/A2
x0

1

~a.u.!
x0

2

~a.u.! sa

121.4 0.443 16.38 0.580 1.86 0.003 0.08
125.6 0.352 16.25 0.511 1.85 0.009 0.09
132.4 0.270 16.05 0.435 1.80 0.018 0.12
154.0 0.117 15.22 0.358 1.75 0.012 0.16
170.5 0.108 14.63 0.327 1.74 0.031 0.18
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for 121.4 and 170.5 K are compared with the data. The ra
of the fits extends fromh'0.1 toh'0.01, being narrower a
the higher temperatures due to the rounding of the transit
This strong rounding causes a rapid decrease of the e
nent, yielding even a negative value at the highest temp
ture ~187 K! and an appreciable increase in the error of
fit.

In Table I the results are listed for five selected tempe
tures. The error ina ~sa in the last column of the table!
increases at higher temperatures due to rounding in the
sition. However, the tendency of the exponenta to approach
the Ising value (a50.125) asT increases along thel line is
clear. The value obtained atT5121.4 K is in good agree
y
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ment with the theoretically predicted value for the uniax
LP. The value of the amplitude ratio nearTL is close to that
expected for the Ising model (A1/A250.55), but seems to
be more sensitive to the rounding effects and departs con
erably from the expected value at the highestT.

In conclusion, we have shown an evidence for t
Lifshitz-Ising crossover along the F-Pl line in a transverse
field in MnP.
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