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Studies of the electrical resistivity were carried out under applied hydrostatic pressure up to
20 kbar and in the temperature range &om 1.5 K to room temperature. The heavy RMn2 compounds
behave signi6cantly differently from those with light rare earths. This is due to the fact that
only in the latter case the Mn atoms carry itinerant magnetic moments beyond a critical value of
the Mn-Mn distance. Thus in the case of the heavy rare-earth compounds the magnetic order is
dominated by the Ruderman-Kittel-Kasuya-Yosida interaction of the rare-earth sublattice, while
for the light RMnz compounds the magnetic properties are mainly determined by the itinerant Mn
moments. From the in6uence of pressure on the temperature-dependent resistivity we deduce a
change of the interplay between the different kinds of magnetic exchange interactions. As external
pressure weakens the itinerant moment a ferromagnetic component is favored within the heavy
RMnz compounds. An extraordinary in6uence of pressure on spin-Buctuation properties has been
observed, yielding (8 1nT,&/Bp = 75 Mbar ) for YMn2.

I. INTRODUCTION

Numerous studies applying a variety of experimental
tec~~iques have already been carried out in order to
study the peculiar magnetic ordering phenomena in the
RMn2 compounds, particularly the volume dependence
of the magnetic ordering of the Mn sublattice (see, e.g. ,
Refs. 1—21). The compounds form in both the cubic C15
(R = Sm, Y, Gd, Tb, Dy, Ho) and the hexagonal C14
Laves phase type (B = Pr, Nd. , Sm, Ho, Er, Tm). HoMn2
and SmMn2 are dimorphous, the structure obtained de-
pending upon heat treatment. In both structures, the Mn
atoms lie on the corner of tetrahedra, exhibiting a dia-
mond packing in the cubic case and stacking along chains
in the c direction in the hexagonal modification. Since in
both structures every Mn atom has six Mn first nearest
neighbors, any antiferromagnetic ordering will be highly
frustrated. In addition, the instability of the itinerant 3d
moments leads to unusual magnetic behavior.

Measurements of the thermal expansion have shown
that the Mn magnetism is close to instability, leading
to huge magnetovolume anomalies. These anomalies are
supposed to be associated with a critical distance of the
Mn-Mn interatomic distance, d, = 2.66k. at room tem-
perature, below which the Mn moment is unstable. Ac-
cording to this concept the RMn2 series may be classified
into four groups, difFering in their magnetic behavior.
(i) In the case of TmMn2 and ErMn2 the Mn-Mn dis-
tance is much smaller than d and no moment on the Mn
site has been observed by NMR measurements. Both
compounds are considered as simple ferromagnets. (ii)
For compounds containing Dy and Ho (where the Mn-
Mn distance is just below the critical value) neutron
difFraction measurements yield that only one of four Mn
atoms carry a magnetic moment induced by ferromagnet-
ically coupled nearest-neighbor (111)planes of rare-earth
moments. ' The value of the induced moment is 0.6@~ studies paramagnetic

and 1.4@~, respectively. (iii) In TbMn2 and in GdMn2
(the Mn-Mn distance is above d, ) a magnetic moment of
2.4@~ and 2.6@~, respectively, is reported to be present
on the Mn sites. The magnetic structure is supposed
to be a helical antiferromagnet. However, the large vol-
ume anomalies observed at TN are smaller than in YMn2
with Y considered as a nonmagnetic rare earth. (iv) For
the remaining light RMn2 compounds a large moment of
about 2.7pgy is found at the Mn sites, which orders an-
tiferromagnetically. At T~ small volume anomalies are
observed.

Because of its outstanding properties YMn2 is a mat-
ter of particular interest. Below 92.5 K (on cooling) and
108 K (on warming) the compound undergoes a first-
order transition into an antiferromagnetic state with a
long wavelength helix accounted for by a propagation
vector (0.018,0.003,1) and a Mn moment of 2.8ps at
4.2 K. The onset of magnetic order is accompanied by
a tetragonal type of distortion of the cubic symmetry. 24

The collapse of the Mn moment yields a 5% shrink-
ing of the cell volume. 2'4 Polarized neutron scattering
experiments revealed that at T~ the amplitude of the
magnetic Mn moment drops by more than 30%%uo and re-
covers again with further increasing temperature. Up
to 6 T~ strong antiferromagnetic correlations were found
to persist, a behavior consistent with Moriya's theory of
spin Quctuations. ' Thermal expansion measurements
show an anomalously large thermal expansion coefficient
(50 x 10 /K) above T~, in accordance with an interpre-
tation in terms of spin-Quctuation theories. Transverse
field muon-spin resonance (@SR) measurements show a
divergence of the transverse Lorentzian damping rate A

which is attributed to a critical slowing down of longitu-
dinal spin fIuctuations. This slowing down is assi~med to
drive the transition &om itinerant towards local moment
behavior.

Specific heat on
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(Yo 97Sco os)Mn2 (Ref. 8) and (YQ 9QLuo io)Mn2, which
provide essential information for the behavior of the para-
magnetic state of YMn2, yield an unusual large elec-
tronic specific heat coefficient p = 140 mJ/K2mol and
120 mJ/K2mol, respectively. This finding confirms the
occurrence of strong spin fluctuations in the substituted
compounds, too. The large values of p and the transport
properties are reminiscent of strongly correlated electron
systems. This outstanding behavior may be attributed
to the vicinity of antiferromagnetic order, accompanied
by large spin fluctuations in combination with frustration
of the magnetic moments. Resistivity studies above
a critical pressure for the suppression of magnetic order
should demonstrate whether the above assumptions are
valid for the parent compound YMn2, too.

In the case that the rare earth bears a permanent
moment, two types of magnetic ordering are present
in these compounds; local rare-earth moments and
the itinerant 3d-electron system of the Mn atoms,
which leads to a complex magnetic behavior as can
be seen by noncollinear magnetic structures and spin
reorientations, ' especially for compounds in the
vicinity of d, . Furthermore, they exhibit a transi-
tion from an antiferromagnetic type of ordering to a
more complex one with an additional ferromagnetic
component.

Because of the Mn-moment instability, the magnetic
properties of TbMn2, YMn2, and GdMn2 are particu-
larly sensitive to external parameters such as applied
pressure, ' applied magnetic 6eld, or chemical
pressure induced by alloying. ' ' '2 ' Small substitu-
tions of about 2—4% Co and Fe for Mn or Sc for a rare
earth, respectively, are sufFicient to destabilize the Mn
moment. As an example the magnetic state of TbMn2
which is closest to the critical distance is easily trans-
formed by substitution or external magnetic 6eld from
a complex antiferromagnetic structure to the same mag-
netic structure as found in. DyMn2 where an induced mo-
ment exists only on a part of the Mn-sites. Under am-
bient conditions the magnetic structure of TbMn2 below
T~ is described by two antiferromagnetic phases, denoted
as Sq and S2, respectively. In GdMn2 measurements
under hydrostatic as well as chemical pressure (e.g. , sub-
stitutions of Gd by Sc) lead to a ferromagnetic type of
ordering. 32 Thus it is expected that all the heavy BMn~
compounds should exhibit the same magnetic structure
above a certain critical pressure.

In the present paper a survey of the pressure depen-
dence of various BMn2 compounds is given. The anal-
ysis of the pressure dependence of T~, T~, and Ts~ al-
lows the discussion of the different magnetic interactions
(i) between the localized 4f moments, (ii) in the rather
itinerant 3d-electron system, and (iii) in the 4f 3d inter--
action. This is studied by means of temperature- and
pressure-dependent resistivity measurements. According
to Matthiessen's rule the electrical resistivity of magnetic
materials can be represented by a sum of various contri-
butions:

p(T) = Po + Ppb(T) + P g(T)

where po represents the temperature-independent resid-

ual resistivity, p&g(T) is due to interactions of conduction
electrons with thermally excited phonons, and p s(T)
arises from spin-dependent scattering processes. Usually,

p&g(T) is best accounted for in the scope of the Bloch-
Gruneisen formula yielding a continuous increase with in-
creasing temperature. Thus pronounced anomalies con-
trolled by either pressure or temperature arise only from
changes of the magnetic contribution to p (T). Both fer-
romagnetic and antiferromagnetic transitions yield dis-
tinct anomalies of p(T) and Bp/BT vs T Pr. ominent
changes of both quantities are almost identical to the
magnetic phase transition temperature as observed &om
magnetic, thermodynamical, or neutron diffraction mea-
surements. However, p(T) data do not always allow one
to distinguish between ferro- and antiferromagnetic or-
der. It is therefore necessary to compare the characteris-
tic temperatures deduced from resistivity measurements
with those deduced &om methods giving the magnetic
structure unambiguously.

II. EXPERIMENTAL DETAILS

The samples were prepared &om 99.95% pure starting
materials by induction melting in a water cooled cop-
per boat. In order to avoid the formation of R6Mn23
the stoichiometry 1:1.93 has been chosen. Note that the
choice of the stoichiometry is of essential influence on
the physical properties, particular for compounds in the
vicinity of the critical distance. The samples were sealed
in evacuated (pressure ( 10 s mbar) quartz tubes and
annealed for one week at a temperature in the range be-
tween 1050 K and 1120 K, the exact value depending on
the speci6c rare-earth metal in the sample. The phase
purity was examined by x-ray diffraction. Weight losses
during melting procedure and heat treatment were found
to be around 1% each. While during the melting proce-
dure 98—99% of the evaporated material consisted of Mn,
weight losses during the heat treatment were mainly due
to rare earths. The evaporated material was analyzed
with a microprobe. Magnetic properties were checked by
an ac susceptometer and in a 6 T superconducting quan-
tum interference device (SQUID) magnetometer.

The temperature- and pressure-dependent electrical
resistivity has been measured on bar shaped samples in
the ranges 1.5 K ( T & 300 K and p & 20 kbar by
means of the common four-probe dc technique. Hydro-
static pressure was generated by a liquid pressure cell,
using a 1:4 ethanol-methanol mixture as the pressure
transmit ting medium.

III. EXPERIMENTAL RESULTS

A. YMn~ and LuMn~

Figure 1 shows the p vs T curves for YMn2 under
various external hydrostatic pressures up to 15.6 kbar.
The measurements were started with a value of 4.2 kbar,
subsequently the pressure was increased, and 6nally the
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FIG. 1. Temperature-dependent resistivity p of YMn2 at
various pressures. The inset shows A vs p of YMnq.
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FIG. 2. Temperature-dependent resistivity p of LuMn2 at
various pressures. The inset shows A vs p of LuMn2.

study has been completed with the measurement at am-
bient pressure. The arrow in Fig. 1 indicates that point
where the sample has been destroyed due to the spon-
taneous volume expansion at the onset of magnetic or-
der. Measurements performed on a different sample of
the same batch yield a critical pressure p, of about 3 kbar
and the initial slope of the pressure derivative of the Neel
temperature (BT~/Bp) equals —10 K/kbar.

In the literature there is a wide scatter of data con-
cerning these values. For example, thermal expan-
sion measurements under pressure yield a value of
—10 K/kbar, dc susceptibility measurements2s up to
p = 0.4 kbar reveal for BT~/Bp —35 K/kbar, and
a value of —40 K/kbar was deduced from an analysis
of specific heat data employing the thermodynamical
Clausius-Clapeyron relation. Various values for p, are
reported: lr6 kbar, &om specific heat measurements un-
der pressure, 2.7 kbar determined &om neutron diffrac-
tion measurements under pressure, and 3.7 kbar ex-
trapolated &om thermal expansion measurements. The
latter two are in reasonable agreement with our data.

The temperature variation of the resistivity of the ho-
mologous compound LuMn2 is displayed in Fig. 2. We
note that the negative curvature of p vs T of LuMn2 is
much less pronounced compared to YMn2.

At low temperatures the electrical resistivity of both

compounds can be described satisfactorily by p(T)
po+ AT . The range of the validity of this expression in-

creases with pressure and with the decrease of the abso-
lute values of A, thus varying &om 20 K up to 35 K in the
pressure range covered. Spin-Buctuation compounds are
characterized by values of A which exceed those of ordi-

nary metals like Cu by several orders of magnitude. The
enhanced values of A observed for YMn2 (A&~ 4 2 ~b, )
= 80 nOcm/K ) and LuMn2 (A(„q b, &

6.4 nA cm/K )
thus point to the presence of strong spin Quctuations
dominating these compounds. The inset in both figures
shows the decrease of the coefficient A with increasing
pressure, i.e., the suppression of spin Buctuations due to
external pressure. It should be noted that the evaluation
of the coefficient A is based on the proper determination
of the effective cross section of the samples which can be
affected by microcracks or pores. The absolute values
of the resistivity are thus given with some uncertainty.
However, the relative change of A with pressure does not
depend on the real cross section. Comparing the insets
in Fig. 1 and Fig. 2 we notice that in the case of LuMn2
A is smaller by at least one order of magnitude and less
dependent on pressure.

B. RMns (R = magnetic rare earth)
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FIG. 3. Temperature-dependent resistivity p of (a) TmMn2
and (b) ErMns at various pressures. The insets show To vs p
and Bp/BT measured at p = I bar, respectively.

For R= Tm [Fig. 3(a)] and Er [Fig. 3(b)] the nega-
tive curvature of p(T) at higher temperature resembles
the behavior of LuMn2. The onset of magnetic order is
clearly seen by a kink in p(T). The value of the order-
ing temperature as deduced &om the maxim»m slope of
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TABLE I. The magnetic ordering temperatures of the RMnq compounds as deduced from mag-
netic and resistivity measurements, denoted by the superscripts y and p, respectively. The initial
slope of the pressure dependence of Curie and Neel temperatures is taken from a linear fit to the
first data points, whereas the critical pressure and critical exponent are derived from a fit of the
data to the expression T~(p) = T~(0)(l —p/p, ) . The magnetic moment pM„at the Mn sites is

given for comparison.

Y
Pr
Nd
Sm
Gd
Tb
Dy
Ho
Er
Tm

(51)
36
23
15

52
36
23
15
8

C
(K) (K)

BT~/Bp
(K/kbar)

8.0
2.0
1.0
0.5
0.07
0.03

N

(K)
100

116
101
89
106
51

BT~ /Bp
(K/kbar)

-10 to -35
-2.9
-4.1

-5.2
-5.9

-30.0"

pc
(kbar)

2.7'
40.0
22.0
14.0
11.3

2 Qh

0.5
1.0
0.9
0.8
0.6

PM~

(Vs)
2.7d

2.8'
2.7'
2.3'
2.6g

1.4'

0.6'
~ QK

Qg

Prom Reference 10.
From Reference 28.

'From Reference 31.
Prom Reference 4.

'Prom Reference 14.

Prom Reference 6.
gFrom Reference 7.
"Prom Reference 50.
'From Reference 19.
'Prom Reference 21.

Bp/OT [see inset of Fig. 3(b)] is in good accordance with
the Curie temperature Tc, found by ac and dc suscep-
tibility measurements (compare Table I). The inset of
Fig. 3(a) depicts the pressure dependence of Tc.

In the case of R= Ho [Fig. 4(a)] and Dy [Fig. 4(b)] a
continuation of the trend described above is found. How-
ever, for DyMn2 a significant decrease of the resistivity
values around T~ with increasing pressure is observable.
It should be pointed out that this strong reduction of
p takes place at temperatures where p(T) of YMn2 is
also strongly affected by external pressure. Moreover, the
same tendency for saturation is found at elevated tem-
peratures; the absolute resistivity values decrease with
rising pressure. Recent powder neutron diKraction mea-
suremeats indicated a spin reorientation for both HoMn2
and DyMn2. is'2i An inspection of Bp/BT for these two
compounds reveals a second anomaly below the steep in-
crease ascribed to Tc [see inset of Fig. 4(b)]. However,
the value of the spia reorientation temperature Tsa can-
not be given unambiguously. These anomalies, which are
absent in TmMn2 and ErMn2, are shifted towards higher
temperatures with increasing pressure. As can be seen
from the insets of Figs. 3(a) and 4(a), the ordering tem-
peratures for all these heavy BMn2 compounds increase
with pressure.

At ambient pressure TbMn2 [Fig. 5(a)] and GdMn2
[Fig. 5(b)] behave significantly different from the remain-
iag heavy rare-earth compounds. In TbMn2 at 48 K a
phase transition to antiferromagnetic order can unam-
biguously be determined. Only at p & 1 kbar can a
second phase be clearly resolved, too. An extrapolation
to ambient pressures yields a value of 52 K, which we
attribute to a transition from the paramagnetic to a fer-
romagnetic state in accordance with results &om vari-
ous measurements. ' The nature of this transition at
ambient pressure and its separation &om the close ly-
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FIG. 4. Temperature-dependent resistivity p of (a) HoMnq
and (b) DyMn2 at various pressures. The insets show Tc vs p
and Bp/BT measured at p = 1 bar, respectively.

ing first-order transition into an antiferromagnetic state
due to the ordering of the Mn moments are still unset-
tled. Prom measurements on various samples a critical
pressure for the Mn-Mn ordering in the range between 1
and 2 kbar is estimated. This is in accordance with ex-
periments reported previously. '3 ' Thus the stability
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of the Mn moment in TbMn2 is particularly sensitive to
changes in volume.

As displayed in Fig. 5(a), for p & p, the first-order
transition associated with the magnetic order of the Mn
sublattice has vanished and the large residual resistivity
is considerably reduced. The p (T) curves for TbMn2 are
now very similar to those measured for DyMn2 shown in
Fig. 4(b). T& can now be resolved more clearly by a kink
ln pvs T.

GdMn2 orders antiferromagnetically at 110 K, a value
close to that of YMn2. Note the normalized representa-
tion in Figs. 5(b), 6(a), and 6(b), which has been chosen
due to the opening of microcracks in the sample when
passing through the first-order phase transition. The
shift of the discontinuity in p (T) towards lower tempera-
tures indicates the decrease of the onset of magnetic order
within the Sd-electron subsystem [see also the expanded
view given in Fig. 6(a)). This is connected with the sup-
pression of the intrinsic Mn moment with increasing pres-
sure. The character of the steplike transition changes
with pressure: For pressures below about 8 kbar a drop
is observed, while for p & 9 kbar a rise in the resistiv-
ity is found, accompanied by a broad hysteresis. From
p vs T measured at 11.3 kbar no indications for antifer-
romagnetic order could be determined for temperatures
higher than 1.5 K. A fit to the data yields p = 11 kbar.
BTjy/Bp = —5.9 K/kbar is in good agreement with the
value deduced by Voiron et al.

Additionally, for pressures higher than 3 kbar a sec-
ond magnetic transition in p (T) is observed [see the ex-
panded view given in Fig. 6(b) and the inset in Fig. 6(a)).

FIG. 6. Temperature-dependent resistivity p of GdMnz at
various pressures, given for different expanded views (a) snd
(b). For the sake of clarity only s fraction of the dsts points
are given ss symbols. The insets show Bp/BT measured st
p = 3.4 and 7.7 kbar as well as T~ vs p.

This transition is indicated by a kink in p vs T, point-
ing to a second-order type. It is therefore supposed that
under higher pressure GdMn2 orders ferromagnetically
by analogy to TbMn2, in accordance with recent mag-
netization measurements. s2 The inset in Fig. 6(a) de-
picts Bp/BT of GdMn2 for p = 3.4 and 7.7 kbar, re-
spectively. These values are just below and above the
point where T~ and T~ merge. While T~ is clearly indi-
cated by a cusplike anomaly in the derivative of the re-
sistivity, T~ is found &om a steplike change, reminiscent
of TmMn2 and ErMn2. Extrapolating T, vs p towards
ambient pressure, indicated by the dashed line in the in-
set of Fig. 6(b), yields a value of about 8 K/kbar. An
estimation of BTc/Bp above 7.7 kbar, where the second-
order transition takes place at higher temperatures than
the first-order transition ascribed to Mn-Mn interaction,
gives about 2.9 K/kbar. The extrapolated value of Tc
towards ambient pressure coincides with the spin reori-
entation temperature TSR at about 40 K, determined
by Mossbauer measurements. Due to the lack of neu-
tron data, the magnetic structure is still under discus-
sion. However, independent of the questions concerning
the magnetic structure of the ground state, if we iden-
tify TsR with the ordering temperature of the rare-earth
sublattice, T~ of GdMn2 exhibits the largest pressure de-
pendence within the RMn2.

A further interesting feature which can be seen in
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FIG. 7. Temperature-dependent resistivity p of (a) SmMn2
and (b) NdMnq at various pressures. The insets show T~ vs p
and Bp/BT measured at p = 1 bar, respectively.

Figs. 5 and 6 is the change of the slope Bp/BT in the
paramagnetic regime with increasing pressure, refl.ecting
the suppression of spin Buctuations.

For SmMn2 and NdMn2 the pressure dependence of
p(T) [Figs. 7(a) and 7(b)] is comparable to that of
GdMn2, 'however, the pressure dependence of T~ dif-
fers significantly: Over the whole pressure range cov-
ered experimentally, an almost linear behavior is found.
Similarly to GdMn2 indications for a second-order phase
transition at about 80 K at higher pressures are observed
for SmMn2. The value BT~/Bp = —4.1 K/kbar, found
for NdMn2, is larger than the results reported by Vo-
iron et al.2s and Kim-Ngan et al. ,

4o —3.5 K/kbar and
—3.45 K/kbar, respectively. For pressures higher than
12 kbar, for both compounds no clear anomaly associated
with the ordering of the Mn moments could be detected.
The phase transition is supposed to be no longer of first
order.

In contrast to SmMn2 and NdMn2 a difFerent tern-
perature variation of the resistivity is found for PrMn2,
reminiscent of LuMn2. Besides a discontinuity near T~,
in the whole temperature range Bp/BT ) 0 [Fig. 8(a)],
and for T & 120 K an almost linear p vs T behavior
is observed. T~, indicated by a smooth upturn in p vs
T, is found to decline in a linear manner over the whole
pressure range covered [Fig. 8(b)].

Table I summarizes the ordering temperatures derived
from our ac-susceptibility and magnetization measure-
ments as well as from Bp/BT, and their initial pressure
dependences deduced from a linear fit to the data for low
pressures. It is to be noted that magnetic and resistivity
measurements yield no significant differences in the or-
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FIG. 8. (a) Temperature-dependent resistivity p of PrMn2
at various pressures. The inset shows T~ vs p. (b) The shift
of the anomaly in p vs T related to T~ with pressure.

dering temperatures. For the heavy R elements (8 = Tb,
Dy, Ho, Er, and Tm) the maximum of the rather sharp
peak of y, (T) has been used to determine T~ since the
magnetic transition is already washed out in the dc mag-
netization in fields as low as 100 Oe. TN of GdMn2 is
hardly resolved in both the dc and ac susceptibility which
exhibit only a tiny anomaly at 106 K whilst the specific
heat of this specimen exhibits a sharp and symmetric
anomaly peaking at 108 K. This and the growth of the
magnetization at lower temperatures with a maxim»m at
about 25 K is in agreement with Refs. 3, 22 and 53. It
is not unambiguous whether the growing magnetization
below 40 K is due to a spin reorientation or associated
with the evolution of a ferromagnetic component, since
in the specific heat only a broad maximum occurs con-
taining just a small &action of entropy in comparison
to that associated with T~ at 107 K (see also the discus-
sion in Sec. IV B).SmMn2 and PrMn2 exhibit a complex
shape of y(T) continuously growing down to 89 K and
116 K, respectively, where a sharp drop occurs which is
attributed to T~. At lower temperatures further anoma-
lies can be detected which have been attributed to spin
reorientation in the case of NdMn2.

The magnetic moment at the Mn sites given in Table I
has been taken from the literature. The critical pressure
p and the exponent x were derived from the expression
T~(p) = T~(0) (1 —p/p, ) . Due to the small value of p,
the exponent x for TbMn2 could not be determined. A
significant pressure dependence of the Curie temperature
is obtained which obviously increases along with the Mn
moment and reaches its maximum in GdMn2 (see also the
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insets of Figs. 3, 4, 5, and 6). The exponent x and also
the critical pressure are found to increase &om GdMn2
to PrMn2. In the series of the heavy RMn2 compounds
BTc/Bp appears to be related to the Mn moment. The
exponent x gradually rises from 0.6 to 1 with increasing
atomic number of R.

IV. DISCUSSION

A. YMn~ and LuMn~

8 ln Tsf

Bp

8 ln T; x 8 ln 1/~A
P

Furthermore, YMn2 exhibits a scaling behavior of p(T)
with T/T, r in an extended temperature range similar to
UA12 (Fig. 9). This indicates that in these compounds
scattering of conduction electrons on spin fluctuations
dominates the temperature variation of the resistivity.

The value of A = 80 nOcxn/K2, obtained at p
4.2 kbar, exceeds that of comparable systems like YCo2,
ScCo2, or LuCo2 by more than one order of magnitude.
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FIG. 9. Temperature- and pressure-dependent resistivity p
of YMns divided by T,x(Ip). The inset shows A vs T,x with
pressure as implicit parameter.

The facts that for YMn2 in the low temperature re-
gion all p (T) curves for p ) 4 kbar show a T2 behav-
ior followed by a pronounced negative curvature in the
paramagnetic state (Fig. 1) are typical indications for
the occurrence of spin fluctuations. The coefficient A
of the T2 term in the p(T) expression, which can be
regarded as a measure for the density of states at the
Fermi level, is shown as a function of pressure in the
inset of Fig. l. A substantial decrease of A with increas-
ing pressure is observed. Since A is related to the spin
fluctuation temperature (T,x) by T,r = n/~A, 2s'4i this
coefficient can be used as a measure for the strength of
the spin fluctuations. ' Since there is some uncertainty
in defining the pressure-independent constant a we have
used the inflection point T;„f as a measure of T,p. By
analogy with UAl2, we set T,f ——T;„~, which appears to
be justified by the linear relation of T,f(= T f) cc o.'/~A'

shown in the inset of Fig. 9. Thus we can write the pres-
sure dependence of T,f at 4.2 kbar,

It is not unlikely that at least a part of the enhanced
value of A may be attributed to the frustration of the
Mn sublattice. Extrapolating A towards 1 bar (see in-

set of Fig. 1) yields 160 nOcm/K, a value comparable
to that obtained for the classical spin fluctuation sys-
texn UA12 (200 nOcm/Kz). s The pressure response of
the resistivity and T,f of YMn2, however, is substan-
tially larger than that obtained for UA12 and UPt3, with
BlnT,&/Bp = 24 Mbar and 30 Mbar i, respectively.
The distinct T2 behavior of the p (T) curves in the low

temperature range is reminiscent of scattering processes
of conduction electrons on heavy quasiparticles in the
case of heavy fermion systems. Recently, specific heat
measurements under pressure were reported for YMn2, 33

yielding p = 168 mJ/mol K2 in the proximity of the mag-
netic instability. This, together with the large magni-
tude of A and the remarkable similarity to UA12, justifies
the assumption to classify YMn2 as a 8d heavy fennioxx

system. The Kadowaki-Woods plot, displaying the re-
lation between A and p and being valid for a large number
of heavy electron and spin-fluctuation systems, addition-
ally demonstrates that YMn2 can be included into this
category, too.

In LuMn2 the smaller A value and its weaker pressure
dependence as well as the less pronounced saturation in p
vs T are indications that the spin-fluctuation amplitude
is in general smaller. However, the proportionality be-
tween A and p2 (A/p2 = 1 x 10 s pA cmmJ 2 mol2 K2)
is also fulfilled as for YCo2 and LuCo2 exhibiting less pro-
nounced spin fluctuations. Thus no scaling of p (T) with
T/T, r can be expected since the phonon and the spin-
fluctuation contribution are of comparable size, which is
indeed observed. 2~

B. RMns (R= magnetic rare earth}

The following discussion of the resistivity of the mag-
netic RMn2 compounds is based on the validity of
Matthiessen's rule [Eq. (1)]. We assume that the phonon-
induced resistivity is essentially the same among the en-
tire RMn2 series; at least it does not show discontinuities
in the temperature range under consideration. Conse-
quently, the large variety observed in the p vs T behav-
ior throughout the magnetic RMn2 compounds is sup-
posed to be dominated by the spin-dependent scattering,
which is intimately related to the magnetic state of the
rare-earth and the Mn ions at a given temperature.

The contribution of localized 4f moments to the resis-
tivity, p g, is quite well understand. In the paramag-
netic state, p g is temperature independent and propor-
tional to the de Gennes factor [(g —l)2J(J + 1), where

g is the Lande factor and J is the total angular momen-
ti~rn] as long as we can neglect the crystal field influence.
This has been proven in the case of several rare-earth
intermetallics (RA12, RPt, RNi2, etc. ).

In the magnetically ordered state the 4f scattering
decreases monotonically with decreasing temperature.
However, the Mn 3d contribution to the spin-dependent
scattering depends sensitively on the degree of localiza-
tion of the Mn 3d electrons, as has been shown in the
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case of YMn2 and LuMn2. Since the magnetic state of
the Mn moments is a function of both the molecular field
of the rare-earth sublattice and the interatomic Mn-Mn
distances, resistivity measurements under pressure give
important information mainly concerning a change of the
magnetic state of the Mn subsystem. In the paramag-
netic state the spin-fluctuation contribution to the total
resistivity dominates the 4f spin disorder scattering. If
the magnetic state of the Mn moments is changed as a
function of temperature, external pressure, or magnetic
6eld a dramatic change in p vs T is expected. This is
ascribed to the suppression of spin fluctuations in the 3d
band. Convincing examples are the resistivity curves of
the heavy BCo2 compounds exhibiting also pronounced
spin Huctuations in the paramagnetic state, which are
strongly affected by pressure and magnetic 6eld. 2"'4

A 6rst-order transition as, e.g. , in some of the BCo2
compounds gives rise to a pronounced change in resistiv-
ity at the corresponding temperature. However, if there
is an antiferromagnetic transition we also expect an ad-
ditional influence due to the appearance of "magnetic"
Brillouin zones. This phenomenon is known as the su-
perzone boundary effect, which in principle can give rise
to either an increase or a decrease in p vs T, depending
on how the magnetic Brillouin zones intersect the Fermi
surface. The superzone effect was 6rst discussed by El-
liott and Wedgewood, for the case of pure rare-earth
metals, such as dysprosium.

When passing from TmMn2 to PrMn2 a change of the
magnetic moment on the Mn sites from almost zero to a
more localized moment, via an induced one with a max-
imum of the spin-Buctuation contribution, takes place.
This can also be observed in p (p, T), in good accor-
dance with the analysis performed for thermal expan-
sion measurements. ~~ Thus, p(p, T) reflects the particu-
lar dependence of the spin Huctuations on volume and the
rare-earth elements involved, as well as their suppression
with pressure for B= Tm, Er, Ho, and Dy. In the case
of TbMn2 and GdMn2 this behavior can clearly be ob-
served for pressures higher than p, whereas at ambient
pressure it is masked by the 6rst-order transition associ-
ated with the effect of localization of the Mn moments
and an enhanced residual resistivity below the transi-
tion temperature. The variation of the contribution of
spin fluctuations to the resistivity can be deduced from
the change in the slope of Bp/BT which becomes zero
or even negative for those BMn2 compounds close to d,
(R= Gd and Tb) and once again positive for PrMnz. The
latter compound exhibits the maximum moment on the
Mn-sites within the series and is thus closest to the local
moment limit.

A prominent case is GdMnz, where Op/BT above T~
changes sign as a function of pressure showing a max-
imum negative value for p = 3.4 kbar, which points
to pronounced spin fluctuations in this pressure interval
(Fig. 6). The unusual behavior of Bp/OT in the paramag-
netic region, which attains even negative values, can he
described in the scope of a model developed by Coqblin
et aL, yielding a particular type of resistivity behav-
ior for compounds close to the magnetic instability. This
model has been successfully applied to spin-fluctuation

systems based on actinides such as UAl2 and appears to
be valid for the BMn2 compounds in the paramagnetic
state, too. As mentioned above the discontinuities in p
vs T near T = T~ are possibly due to the superzone ef-
fect. The observed change of the sign of the discontinuity
with increasing pressure around 8 kbar for GdMnz [see
Fig. 6(a)] may be caused by the pressure-induced varia-
tion of the magnetic Brillouin zones, thus being respon-
sible for the varying superzone effect. In the same way
as the antiferromagnetic order connected with the itiner-
ant Mn-moment is subsequently suppressed, giving way
to a rising ferromagnetic component, the spin-dependent
scattering of conduction electrons is altered. This can be
seen, e.g. , in the change of po, reflecting both the change
of conduction electron properties at the Fermi level due
to varying magnetic Brillouin zones and the transforma-
tion of the magnetic structure to a more simple one.

Beyond the critical pressure, where the antiferromag-
netic order is suppressed, the influence of the spin Huc-

tuations in the ordered. state is indicated by the nega-
tive curvature in p vs T. We expect that with further
increasing pressure this curvature will Batten out and 6-
nally become positive as in the case of the BAl2 or BFe2
compounds, in the same way as pressure reduces the spin
fluctuations. Among the family of the BFe2 compounds.
CeFe2 is an example where the spin Huctuations cause
the same kind of negative curvature.

The key to a deeper understanding of the magnetic
properties of the BMn2 compounds is the interplay be-
tween the variable Mn-Mn interatomic distance and the
4f 3d interacti-on among the RMnz series. The latter is
solely responsible for the induced 3d moments in BCo2
on the Co sites below T~. Note that 70 T is enough
to induce a Co moment in BCo2. Thus it is question-
able if the concept of a critical Mn-Mn distance, fre-
quently discussed in the literature, is valid as a criterion
on its own for the occurrence of a moment on the Mn
sites. There are several experimental results contradict-
ing this hypothesis. The most convincing examples with
respect to this are compounds of the type (R&,Rz)Mnz,
where the lattice constant remains signi6cantly above the
critical distance; the magnetic order, however, vanishes
at a certain concentration. ' ' This is in accordance
with the dependence of T~ vs the lattice dimensions,
which we qualitatively deduce from converting the ap-
plied pressure into lattice constants (Fig. 10), when us-

ing the compressibility values at room temperat;ure de-
rived from literature. ~' (K = 4.0, 6.2, and 3.5 Mbar
for TbMnz, YMnz, and GdMnz, respectively. ) Figure 10
clearly indicates the disappearance of the magnetic order
at different Mn-Mn distances. Although there is some un-

certainty concerning the lattice parameter at that tem-
perature where the ordering of the Mn sublattice takes
place, we believe that this picture is still valid when tak-
ing into account the difFerent magnitude of the volume
anomalies of the compounds under consideration. Since
AV/V at T~ is about 1% for GdMnz and 5% for YMn2,
it is reasonable to assume that the Mn moment due to
the effect of localization vanishes at different lattice con-
stants for the respective critical pressure.

At least two further important facts have to be con—
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sidered: (i) the degree of localization, diminishing with
increasing atomic number of the rare earth, i.e., decreas-
ing lattice dimensions, and (ii) the impact of the respec-
tive molecular field upon the 3d subsystem, showing a
maximum for R= Gd. Thus the interplay of these ef-
fects complicates the magnetic and transport properties
in particular in the neighborhood of the so-called critical
distance.

In order to discuss the pressure dependence of the dif-
ferent magnetic sublattices, i.e., the localized R-R and
the itinerant d-d subsystems, we display in Figs. 11(a)

and 11(b) Tc and T~ at various pressures normalized
to the respective ordering temperature at ambient pres-
sure. The gradual suppression of the Mn moment is re-
flected by the decrease of T~ whilst T~ increases. Sup-
posing that the R-R interaction of the Ruderman-Kittel-
Kasuya-Yosida (RKKY) type is strongly influenced due
to the presence of itinerant Mn moments, their suppres-
sion leads to a remarkable increase in T~ because of the
enhancement of the RKKY interaction [Fig. 11(a)]. An
attempt to scale the pressure dependence of T~ with the
de Gennes factor valid, e.g. , for RA12 (Ref. 48) obviously
fails as long as the Mn-Mn interaction is not suppressed
in the heavy RMn2 compounds. Thus, the pronounced
pressure dependence of Tc (which is much larger than
that for the BAl2 compounds, e.g. , BTc/Bp = +0.8 kbar
for GdA12) points to the presence of a magnetic moment
on the Mn sites even in the case of ErMn2, where no mo-
ment is detected by NMR. This is in agreement with pre-
liminary results of spin polarized x-ray absorption exper-
iments, which leads to the suggestion that also in ErMn2
a significantly delocalized magnetic moment exists on
the Mn sites. As the Mn-Mn interaction is strongly
reduced by pressure [Fig. 11(b)] the RKKY interaction
rises simultaneously and dominates the magnetic prop-
erties. This is evident both &om an increase of T~ with
pressure and from a scaling of Tc at about 15 kbar (the
maximum pressure applied) with the de Gennes factor
(Fig. 12). The linear behavior supports the assumption
that the magnetic ground state is mainly governed by the
RKKY interaction at suKciently high pressures.

While T~ vs p re8ects the shift in the competition be-
tween the diferent interactions between the R and Mn,
T~ vs p allows one to follow the suppression of the mo-
ments at the Mn sites and also their change in nature.
The variation of the slope of T~ vs p [Fig. 11(b)] alters
&om a linear to an almost quadratic dependence in the
pressure range covered. This follows from the exponent z
when proceeding from PrMn2 towards GdMn2, indicat-
ing simultaneously a decrease of the magnetic moment
at the Mn sites concomitant with an increase of the in-
Quence of the spin Huctuations. According to this ob-
servation the pressure dependence of T~ changes slope
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FIG. 11. Pressure dependence of the magnetic ordering
temperature for (a) To and (b) T~ at various pressures nor-
malized to the respective ordering temperature at ambient
pressure. Dotted lines are guides to the eye, whereas fuD lines
are Sts according to T~(p) = TN(0)(1 —p/p, ) (the respective
exponent 2: is given in Table I).
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FIG. 12. T& at maximum applied pressure for the heavy
RMnq compounds vs the de Gennes factor.
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80 120

when the Mn moment becomes unstable, giving rise to
an increase of the spin-Buctuation amplitude.

The most complex situation appears for those com-
pounds where the Mn-Mn distance is just above d . Neu-
tron diffraction studies of TbMn2 established the coexis-
tence of two magnetic phases below T~, Sq and S2, and
the nonhomogeneous destabilization of the Mn moment
under pressure. For pressures above the critical value
a single magnetic structure, S2, is left, which is similar
to that of DyMnq. The Sq phase, described by localized
moments on the Mn sites and consequently associated
with a larger volume, can also be suppressed by an ex-
ternal field of about 5 T according to magnetostriction
measurements. No indication for a structural transition
under a field higher than 5 T is found.

A different situation with respect to the field and pres-
sure dependence of TN seems to appear for YMn2,
NdMn~, and GdMn2. In particular, for the latter
magnetostriction measurements in magnetic fields up to
15 T leave the first-order transition associated with the
ordering of the Mn moments nearly unaffected, whilst
this transition is easily shifted towards lower tempera-
tures by pressure (see Figs. 5, 6, and 7). Since the ef-
fects of pressure and external magnetic field upon mag-
netic phase transitions are thermodynamically related,
the first-order transition associated with the magneto-
volume effects in these three compounds is more likely
of structural origin than due to magnetoelastic effects,
in contrast to TbMn2 and presumably the heavy BMn2
compounds where T~ & T~.

According to our results the following magnetic phase
diagram for TbMn2 and GdMn2 can be drawn (Fig. 13).
At ambient pressure and below T~ TbMn2 undergoes
a first-order transition at TN accompanied by a stabi-
lization of a moment at certain Mn sites (Sq phase).
Above a critical pressure of only 2 kbar the Mn mo-
ment is suppressed, giving way to a DyMn2-like mag-
netic structure with T~ increasing with applied pressure.
A comparable situation as in TbMn2 seems to appear in
GdMn~ above the crossover of T~ and T~. The anomaly

in p(T) related to the instability of the Mn moment
vanishes at p = 11 kbar. For pressures higher than
3 kbar a kink in p vs T points to a second-order transi-
tion associated with the Gd sublattice [see also inset of
Fig. 6(a)]. This latter anomaly becomes clearly visible
above 6 kbar where both transition temperatures merge
at about 75 K, in close agreement with recent measure-
ments of low field ac-susceptibility measurements under
pressure. For 6 kbar & p & p, GdMn2 orders ferro-
magnetically and subsequently undergoes a transition to
an antiferromagnetic state on lowering the temperature.
This is reBected by a kink in p vs T at higher tempera-
tures and an increase in the resistivity at T~, accompa-
nied by a broad hysteresis indicating that this transition
is still of first order. A separate ordering of the Gd sub-
lattice as proposed by magnetization measurements
was ruled out by specific heat measurements revealing
no distinct anomaly below 50 K. The broad maximum
around 40 K in the C /T vs T curve is ascribed to the
gradual transformation from an antiferromagnetic to a
canted state of the Gd Inoments. However, due to the
lack of neutron data the magnetic structure is still un-

der discussion. A noncollinear ferromagnetic ordering of
the Gd sublattice below TsR ——40 K was suggested by
Przewoznik et at. differing &om a helical spin structure
and a canted ferromagnetic order proposed by Shigal
and Okamoto et al. ,

54 respectively. From our resistiv-
ity data we cannot conclude whether the magnetic state
of GdMn2 in the pressure interval 6 kbar & p & p, is
the same as in TbMn2. This will be the subject of fur-
ther investigations. For pressures higher than the critical
pressure p (T) of GdMn2 exhibits the same shape as that
of TbMn2 under pressure, which indicates that GdMn2
might exhibit a DyMn2-like magnetic structure, too.
Magnetization measurements under pressure and NMR
measurements performed on Gdo qLuo sMn2 (Ref. 55) in-
dicate that above p, GdMn2 behaves similarly to TbMn2
under pressure. However, a comparison of p (T) curves of
GdMn2 at 15 kbar with those of DyMn2 reveals that spin
Buctuations are much more strongly pronounced in the
former compound. This we conclude &om the distinct
negative curvature below T~. However, at sufBciently
high pressures we expect that the spin Buctuations will
be suppressed even in GdMn2. In that pressure range al/

the heavy BMn2 compounds are supposed to be in the
same magnetic state.
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FIG. 13. T~ and To as functions of pressure for (a) TbMnq
and (b) GdMn2. "F" denotes a canted ferromagnetic struc-
ture as found in DyMn2, whereas "AF" is presumed to be a
helical antiferromagnetic structure; see text.

The temperature variation of the electrical resistiv-
ity and its pressure dependence proved to be a proper
tool to study the magnetic order within the BMn2 com-
pounds as well as the inBuence of the spin Buctuation on
their physical properties. In particular, we observe for
YMn2, where the antiferromagnetic order can be sup-
pressed for p & 3 kbar, a large pressure dependence
(BlnT, r/Bp = 75 Mbar ) together with a scaling of
p (p, T) with T/T, r indicating a suppression of spin Ructu-
ations due to external pressure. Depending on a sensitive
interplay among f f, f d, and d-d-inte-ractions, various
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magnetic ground states are found among this series. We
could show from our measurements that external pres-
sure acts mainly on the itinerant subsystem. Thus, in
the same way as the Mn-Mn interaction becomes weaker
with growing pressure the RKKY interaction is enforced,
yielding a sixnple ferromagnetic structure, as has been
dexnonstrated for TbMn2, GdMn2, and SmMn2, which
match the resistivity behavior of DyMn2 and HoMn2.
The strong pressure dependence of T~ and TN can be
related to the itineracy of the Mn moments, which are
susceptible to changes in volume. Thus the different mag-
netic and transport properties of the RMn2 series has to

be seen as a consequence of the interplay of the R molec-
ular 6eld and the degree of itineracy varying with the
Mn-Mn distance.
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