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Manganese phosphid®nP) is one of the few magnetic systems in which a uniaxial Lifshitz pdif%) has
been identified. For the external magnetic field applied along the crystallographics, the LP occurs at
T, =121+1 K andH,=16.4kOe, at the confluence of modulated, ferromagn&jcand paramagnetitP)
phases. It has been shown that the magnetic susceptibility at fixed tempéxatasen function oH,, diverges
at theF-P phase boundary with the specific heat exporent this work y X H, was measured across theP
phase boundary from~200 K down toT=121 K. From the analysis of the divergeneewas evaluated at
different temperatures. Fdrwell aboveT, , «~0.12, a value close to the prediction for the three-dimensional
Ising model. AsT is lowered, the divergence gets sharper anihcreases, reaching=0.44 atT,, in
agreement with predictions for this uniaxial LP.

I. INTRODUCTION Lifshitz critical behavior close to the LP.
In Fig. 1, the phase diagram in thé&. XH,X T space is

Previous studies made of MnfRefs. 1-3 stressed its schematized. The portion of this phase diagram involving the
connection with thed=3 anisotropic next-nearest-neighbor FAN phase was experimentally explored in Ref. 2. This dia-
Ising models that show a uniaxial Lifshitz poifitP) in the ~ gram is also based on the theoretical study of Ref. 6 Hjar
TX k plane(T is temperature ané=J,/J, is the ratio be- the applied field corresponds to the ordering field for Fhe
tween competing antiferromagnetic and ferromagnetic exphase. The surface separating thand | magnetic moment
change interactionsIn mean-field theoryc=—0.25 at the orientations is a coexistence surface. Transitions across this
LP. Lifshitz points arise in magnetic systems with competingsurface are first order. The coexistence surface is limited for
interactions at the confluence of a modulated and a ferromadgemperatures abovg_ by the second-ordex line that sepa-
netic phasdF) with the paramagnetic pha¢e). The transi- rates theF from the P phase. For increasing applied fields
tions from the ordered phases to tRephase are second along theb axis, a genuine phase transition is only possible if
order. In MnP, the modulated phase near the observed LP tge field is rigorously alongy (no c component We will see
a fanlike one(FAN),? with the wave vectoq in thea direc- how important it is to get rid of ang component ofH in
tion (the hard magnetic axisNeutron-diffraction measure- order to observe the mentioned crossover.
ments of spin-wave dispersion curves in Mhiterpreted in Our analysis of the nature of the critical exponent along
terms of a model with interactiony, andJ,, respectively, the F-P phase boundary will be strongly based on the theo-
between nearest- and next-nearest-neighbor planes perpegtical paper of Riedel and Wegrien the scaling approach
dicular to thea axis, showed thak is T dependent, varying o anisotropic magnetic systems. When an anisotropy axis is
between—0.27 and—0.23 from 70 to 200 K. At the LP presentin a ferromagnet and the magnetic fi¢|dis applied
temperature T,) « is near—0.25. Thus, in MnP, the vari-
able controllingx is T and a small interval irx is mapped in

A-lines
a wide range ofT. Since it is naturally tuned close to the H//b first order
critical ratio for the competing interactions, MnP is an ideal _ coexistence
material to study the critical behavior near the LP. o\ ATsurface

MnP has an orthorhombic structuré@=5.92A, b
=5.26 A, c=3.17 A) and becomes ferromagnetic at 291 K,
with its magnetic moments aligned along tbeaxis (easy
axis). The phase diagram of MnP obtained when the mag-  rqn phase

netic fieldH is applied perpendicular to the easy axis shows funnel \

a line of multicritical LP’s. This line of LP occurs at ~~. ——
~121K,® and extends front||a to H||b (see Fig. 1 of Ref. o order

5 for the phase diagram in thé, X H, X T space. We refer e

also to previous papers for a detailed discussion of the rich- \ H//c

ness of phases and the different types of critical behavior
encountered in this material. What concerns us in this paper g, 1. Schematic phase diagram of MnP close to the Lifshitz
is the critical behavior along the boundary that delimitshe point (LP) in the Tx Hy,X H, spaceH, is the ordering field for the
phase—in particular, the second-order line contained in the phase. The surface separating thend | directions is a coexist-
H,XT plane that ends at the LP. At temperatures muchence surface which is limited, fa>T, , by the second-orde¥-P
higher thanT_, the critical behavior along this line is ex- A line. ForT<T_, second-order FANR transitions occur across a
pected to be of the Ising type and should crossover to aurface limited by the two lines of tricritical pointSPL).
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perpendicular to this direction, the Curie temperafligede-
creases with increasingl, and a line of ordinary critical
points is generated in th€XH, plane. In Fig. 1 this line
corresponds to the critical line that delimits the coexistence
first order surface. Along this line, the critical exponents are

those associated with the universality class of the critical 6.=10°
Curie point. In MnP this line is expected to be Ising like

because the order parameter that corresponds to the magne-

tization along thec axis has a single componeni£€1). In

the scaling assumption made by Riedel and Wegner, the &< ot

thermodynamic functions close to thisline will depend on
H, —H, in the same way as they depend ®r T when
H, =0. For instance, in their analysis they find that

$,=-0.5"
mye [Hy—H_ |5, me"Sc|Hy —H, [, (1) //\ 0,=1.0°
Xi<H = HL[ 77 xS [Hy = H |, ) etz
] ] ] ]
wherem,; and y, are the components of the magnetization 165 170 175 165 170 175

and the susceptibility measured along the easy axisyrgtil
and x}"" the singular parts of the magnetization and suscep-
tibility measured along the transverse direction. The indices FIG. 2. Experimental curves forx H at T=126 K, obtained in
B, v, and « are the usual critical exponents associated withthe process of orienting the field along thexis. The magnet was
the magnetization, susceptibility, and specific heat. The relrotated relative to the sample in the plane, in order to eliminate
evant point for us in this work is that the transverse suscepany c component of the applied field, and also in tieplane. The
tibility diverges along the\ line with the critical exponent, deviation angle of the field from thk axis is indicated for each
usually associated with the specific heat. The possibility tdrace.
tune very precise values afby means of the temperatuTg Il. EXPERIMENTAL SETUP AND PROCEDURES
together with the fact thatH{, —H,) can be associated with
the thermal axis, permits that the measurement yof Measurements of the ac susceptibility were performed on
=dm, /6H, as a function oH, (the thermal axisat fixed a MnP single crystal, cut into a 5.2-mm-diam sphere. We
temperaturgthat is, at a fixed value ok) can be used to used a frequency of 17 Hz and a modulation fidig
obtain the value of the exponesntalong theF boundary line. =2.50e. The sample was mounted at the end of a rod that
What is expected is that, as the LP is approached, the valuditted into a small Dewar that also accommodates the pickup
of the critical exponents will “cross over” to the values coils. The temperatur& was measured with a carbon-glass
associated with the Lifshitz universality class. The value ofresistor in direct contact with the sample. In this sefup
the critical exponenty, at the LP was already measured, could be varied from 1.2 K to room temperature and main-
together with the critical amplitude ratid, /A_. The val-  tained constant within 0.01 K for long periods of time. The
ues area; =0.46 andA, /A_=0.658 For the Ising model runs were made at fixéBwith H varied at a rate of 3.4 Oe/s.
the predicted values for these two critical parametersagre The superconducting magnet was mounted in a platform
=0.125 andA, /A_=0.55. which can be tipped around the vertical in order to permit a
Hornreich, Luban, and Shtrickmamworked out the theo- fine alignment of the field axigvithin +4°). The sample was
retical predictions for the LP. Two pairs of critical exponentsmounted with its axis along the axis of the pickup coils and
are introduced ¥,,v,) and (,,7,), which describe the very close to the applied field directiof{h,Jb). The final
critical correlations in then andd—m subspacegm is the  alignment was mada situ by gradually tipping the magnet
dimensionality of the wave vectoyof the modulated phage in order to eliminate any component of the field along the
The upper critical dimension for the Lifshitz behaviordg  axis (in other words, to eliminate any component of the or-
=4+m/2. To first order ine, =d—d,, dering field for theF phase. The shape of the susceptibility
curves at thé=-P transition near the LP was used to monitor
this procedure. In this experiment the alignment was made at
+0(€l). (3)  T=126K, but control checks were also made at higher tem-
peratures. In Fig. 2 the shape of the susceptibility curves near
These critical exponents relate 49 through the hyperscal- the phase boundary is shown as a function of the deviation
ing relation from theb axis, towards the axis (¢.) and also towards the
a axis (¢,). A component of the field along theaxis tends
2—a =mu,+(d—m)wv,. (4)  to destroy the second-order transition. The curves get pro-
gressively rounded, and only a 1° misalignment is sufficient
For the uniaxial LP poinfd=3, n=1, m=1), we havee.  to ruin the experiment. The deviation towards thexis is
=3/2 anda =7/16=0.4375. Although the amplitude ratio not critical since we are still crossing a second-order transi-
at LP’s has been the object of recent theoretical w8fkno  tion surface. This is clearly shown in Fig. 2 as the absence of
predictions exist for the uniaxial LP in question. rounding with respect to theé),=0 trace. The final align-
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FIG. 3. Isothermaly X H curves withH along theb axis. From 15 1) T=1214K -
left to right the temperatures are 187.4, 170.5, 154.0, 132.4 K,.... . ) 0
The the lowest temperature Ts= 120 K. T o Data
. , = 10f Fit .
ment was estimated to be better than 0.05° inlibglane 3 5
and 0.5° in theab plane. X Sk gy, i
Ill. RESULTS AND DISCUSSION i
0.0
In Fig. 3 the data foryXH are shown as a sequence of 1E-3 0.01 0.1

curves, each for a different. The curve for the highest
corresponds to 187.4 K and the lowest to 120 K. The change
in the curves as the temperature decreases is obvious. As FIG. 5. Plots of the nonlinear fits to E¢§) for data with (a
approaches the LP, the singularity becomes sharper. The d‘?'= 176.5 K and(b) T=121.4 K. The corresponding parameters are
cay of y as we enter into thé phase also becomes less listed in Table |.

abrupt asT decreases, in spite of the lower temperature. Both

effects reflect the variation af along the boundary. In Fig. , . .
4 the curves foiT=170.5 and 121.4 K are compared. very small in the disordered phaskl¥H,). The singular

The experimental data, previously corrected for the gelerm on the right-hand side contains the essential singularity

magnetization factor of the sphere, were fitted to the expre<f the Riedel-Wegner expressiphg. (2)], in a form widely
sion used in the analysis of specific heat dta.

We designate the fit parameters corresponding to data
A points sets aboveH>H,) and below H<H,) the transi-
XH=XoH+—(h"“-1), (5 tions with superscripté+) and(—), respectively. Nonlinear
least-squares fits were performed to adjust the data and ob-
whereh=[H—H,|/H, . The regular ternx,H is necessary, tain values fory; , A*, a®, andH} . As shown in Ref. 8,
since in the absence of the singular contribution, the suscepynsistent values for = andH} with unconstrained fits are
tibility should be constant inside the phase tH<H,) and  gptained only close to the LP, where the singularity is more
pronounced and the phase boundary is nearly “parallel” to
0.5 15 16 17 18 19 20 ' 21 the T axis. At higherT the\ line becomes more inclined and

\H-H,I/H,

L the “true” thermal axis becomes inclined relative to Be-
+ T=1214K 1 sides, the rounding effect becomes more pronounced. Due to
04 (upper axis) 1 these problems, we made the option in the analysis to per-
T=170.5K : form only constrained nonlinear least-squares fits with the
203l (bottom axis) conditionsa™=a~ andH; =H; .
g mm_______,/ | In Fig. 5 the fits to the singular part of the susceptibility
g 02F - . o .
5 MnP TABLE I. Numerical results of the constrained fits for five se-
2 H//b 7] lected temperatures along tkeP X line.
0.1F =
T Hax X Xo Xo
0.0 oy S — — | (K) a (kOe AT/A (a.u) (a.u) o,
1213 14 15 16 17 18 19 1214 0.443 1638 0580 186 0.003 0.08
Applied Field (kOe) 125.6 0.352 16.25 0.511 1.85 0.009 0.09

1324 0.270 16.05 0.435 1.80 0.018 0.12
FIG. 4. Comparison of two traces obtained at temperatures well 154.0  0.117 15.22 0.358 1.75 0.012 0.16

above (170.5 K) and very close to the LF121.4 K. Note the 170.5 0.108 14.63 0.327 1.74 0.031 0.18
different horizontal axes.
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for 121.4 and 170.5 K are compared with the data. The rangment with the theoretically predicted value for the uniaxial
of the fits extends frorh~0.1 toh~0.01, being narrower at LP. The value of the amplitude ratio negy is close to that
the higher temperatures due to the rounding of the transitiorexpected for the Ising modeA("/A~ =0.55), but seems to
This strong rounding causes a rapid decrease of the expbe more sensitive to the rounding effects and departs consid-
nent, yielding even a negative value at the highest temperarably from the expected value at the high€st
ture (187 K) and an appreciable increase in the error of the In conclusion, we have shown an evidence for the
fit. Lifshitz-Ising crossover along the F-Rline in a transverse

In Table | the results are listed for five selected temperafield in MnP.
tures. The error ine (o, in the last column of the table
increases at higher temperatures due to rounding in the tran-
sition. However, the tendency of the exponettb approach
the Ising value &=0.125) asT increases along theline is We express our thanks to the Brazilian Agencies CNPq
clear. The value obtained dt=121.4K is in good agree- and FAPESP for financial support.
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