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The orientational transition in La, CuO, crystals in strong magnetic fields has been studied. The 
magnetization and magnetroresistance curves both exhibited hysteresis. The width of the 
hysteresis loops increased as a result of cooling, reaching fairly high values of AH = 15 kOe at 
liquid-helium temperature. The experimental results are compared with the theoretical (H, T )  
phase diagram of La, CuO,. Microscopic reasons for the correlation between the magnetization 
and magnetoresistance curves are discussed. 

1. INTRODUCTION 

The possibility that a magnetic mechanism may ac- 
count for the high-temperature superconductivity has re- 
cently been under active investigation along with other non- 
phonon mechanisms. Therefore, the relationship between 
the electronic and magnetic properties of copper oxides is 
important. One of the examples of this relationship is the 
orientational phase transition in a magnetic field in insulat- 
ing La, CuO,; according to Refs. 1-3, in fields H > H,, the 
antiferromagnetic (AFM) phase changes to weakly ferro- 
magnetic ( WF) . The appearance of the ferromagnetic mo- 
ment is accompanied by a reduction in the magnetoresist- 
ance R (H) (Ref. 3 ) . 

Although the correlation between the magnetization 
curves u ( H )  and R (H) is established in Ref. 3, it still leaves 
a number of unanswered questions. For example, the au- 
thors of Ref. 3 reported considerable hysteresis of the R (H) 
curves, but not of u (H)  . A later study4 revealed the hystere- 
sis of u (H) ,  but the magnetoresistance was not investigated 
on that occasion. Moreover, these did not ~rovide 
information on the low-temperature magnetization because 
of the limited range of magnetic fields used. 

Here we report the results of an investigation of the 
orientational transition in La, CuO, crystals in strong mag- 
netic fields. We observed complete correlation between the 
u ( H )  and R ( H )  curves: both exhibited hysteresis and the 
width of the hysteresis loops increased as a result of cooling, 
reaching fairly high values AH = 15 kOe at liquid-helium 
temperature. The experimental results are compared below 
with the theoretical (H, T) phase diagram of La,CuO, 
(Ref. 5) .  Microscopic explanations for the correlation be- 
tween the magnetization and magnetoresistance curves are 
also discussed. 

2. SAMPLES AND MEASUREMENT METHODS 

Our experiments were carried out on La, CuO, single 
crystals grown at the Institute of Crystallography of the 
USSR Academy of Sciences by crystallization from nonstoi- 
chiometric melts with an excess of CuO. The details of the 
procedure were given in Ref. 6. The temperature dependence 
of the electrical resistivity was determined by the usual four- 
probe method and it was found that p ( T )  resembled the 
resistivity of a semiconductor in the temperature range 4.2 
K < T < 3 0 0 K .  

Our investigation of the magnetic properties was made 
using an automated vibrating-sample magnetometer and a 
superconducting solenoid. We determined the dependence 
of the magnetization on an external field applied at a fixed 
temperature as well as the temperature dependence of the 
magnetization in fixed external fields. The temperature of a 
sample could be varied within the range 4.2-300 K and the 
magnetic field within 0-75 kOe. The sensitivity of the mag- 
netometer in respect of the magnetic moment was 
emu/g and temperatures were kept constant to within 0.1 K. 

The electrical resistivity was determined by the four- 
probe method under constant-current conditions. The po- 
tential and current contacts were formed by a silver paste 
and were arranged so that the current flowed along the c 
crystal axis. The magnetic field of up to 100 kOe intensity 
generated in a Bitter solenoid coincided with the direction of 
the current. The sample together with the heater and a ther- 
mocouple were placed inside a helium cryostat and the vol- 
tages from the potential contacts as well as from a shunt 
across the solenoid were recorded using an X- Y potentiome- 
ter. 

3. RESULTS OF THE MAGNETIZATION AND 
MAGNETORESISTANCE MEASUREMENTS 

According to Ref. 3, the orientational transition is ob- 
served when an external magnetic field is oriented parallel to 
the tetragonal c axis (across the CuO, layers). The depen- 
dences a(H) were obtained at different temperatures (Fig. 
1 ) .  As expected, cooling increased the critical field H, and 
reduced the width of the superconducting transition. Similar 
changes in the magnetization curves were reported earlier 
for weak ferromagnets (see, for example, Ref. 7 for the data 
on CoSO, ). An increase in the width of the hysteresis loop 
AH as a result of cooling was less usual.  his-was reported 
also in Ref. 4 descending in temperature to T>45  K, 
whereas in the present study it was observed to D 4 . 2  K. 
The value AH(4.2 K )  = 15 kOe was obtained. It should be 
pointed out that the large width of the hysteresis loop at 4.2 
K had been deduced earlier from hf measurements8 and our 
value of AH agreed with that given in Ref. 8. 

The typical magnetic-field dependence of the normal- 
ized resistance R (H) /R (0) ,  where R (H) is the resistance in 
a magnetic field and R (0)  is the corresponding value in the 
absence of the field, (plotted in Fig. 2),  was determined for 
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FIG. 1 .  Field dependence of the magnetization of La,CuO,, measured 
parallel to the c axis at various temperatures. 

two temperatures. Hysteresis was clearly observed and a 
partial hysteresis loop was also obtained (dashed line). The 
critical fields Hcl and H,, , determined for half the change in 
the magnetoresistance as a function of temperature, are plot- 
ted in Fig. 3: it was found that H,, varied nonmonotonically 
with low temperatures. The existence of partial loops indi- 
cated that the orientational transition was a first-okder phase 
transition. 

4. DISCUSSION OF RESULTS 

The noncollinearity of the magnetic structure of the an- 
tiferromagnet La, CuO, and the possibility of appearance of 
weak ferromagnetism were considered theoretically in Ref. 9 
using symmetry analysis. Neutron-diffraction investiga- 
tions1° showed that below Hc a crystal of La,CuO, was a 
noncollinear antiferromagnet with canted sublattices and 
above H, a weak ferromagnetic phase appeared. The hyster- 
esis of the magnetization curves and the field dependence of 
the magnetoresistance3 can be interpreted as evidence of a 
first-order orientational transition. 

An alternative explanation of the broad phase transi- 
tion in La, CuO, is suggested in Ref. 5, where it is shown that 
a transition can take place to canted phases in which the 
spins in the adjacent layers are in the basal plane and are 
rotated by an angle &Hz ) < 180" relative to one another. 

We shall analyze the phase diagram using the results of 
Ref. 5  and the fact that the transition is of the first order. 

I I I I I 

30 40 50 60 H, kOe 

FIG. 2. Field dependence of the resistance of La, CuO,. 
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FIG. 3. Temperature dependence of the critical fields H,, and H,, . 

According to Ref. 5, magnetic phase diagrams change fun- 
damentally depending on the ratio of the parameters H I , ,  
H,  ; for H I ,  < H, one first-order transition takes place from 
the AFM to the WF phase and in the range H I ,  > H, we can 
expect canted phases (Fig. 4). Using the notation of Ref. 5 ,  
we now have 

where He is the intralayer exchange field; H :  and h : are the 
interlayer exchange fields; HD is the Dzyaloshinskii field; 
H,, is the anisotropy field within a layer; h 2 is the field of 
the tetragonal interlayer anisotropy. The renormalized 
fields occurs as follows: 

X,'=h,'-k (HD/2H.)af?,'/2, 
XAf=hA'+ (HoI2He) 'He1/2, (a)  
RA,=HA,+HD~/~H.. 

FIG. 4. Magnetic phase diagram of La, CuO, in the range H,, > H,, for 
h : > h 2 (taken from Ref. 5 ) .  Measurements were made parallel to the z 
axis. 
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It is demonstrated in Fig. 4 that different canted phases 
a, (for h : > h :, ) or a, (for h : < h ) are possible, and in 
the shaded region we have coexisting AFM phases and a, 
( a ,  ) in the range of fields BAY > 0 and a first-order transi- 
tion or two second-order phase transitions in the range 
BAY < 0. 

The existence of a first-order transition demonstrates 
that either HI, < H3 or HI, > H3 and BAY > 0. If we assume 
that all the interactions are of the same order and postulate 
h : = h :, = ?I,,, then the condition HI, < H, is satisfied 
and there are no intermediate phases. 

We can easily show that the condition HI, < H ,  is 
equivalent to 

We shall consider four possible cases: 
1 ) BAY > 0, h : > h :, , when both variants of phase dia- 

grams with canted media and without them are possible; 
2) &, > 0, h : < h :, , when canted phases cannot appear 

if there is only a first-order AFM-WF transition; 
3 )  BAY < 0, h : > h :, , when there are two second-order 

transitions (this is in conflict with the experimental results); 
4) &, < 0, h : < h 2, as in the first case, both variants of 

the phase diagrams are possible. 
Therefore, the occurrence of the first-order phase tran- 

sition imposes some limitations on the possible range of the 
parameters. 

As for the relationship between the jumps in the wings 
of R (H) and u(H) ,  a similar correlation is known to occur 
in narrow-gap magnetic semiconductors." Transition from 
the homogeneous ferromagnetic phase to the AFM state is 
accompanied by spin-polaron narrowing of the band and by 
a reduction in the carrier mobility, since in an inhomogen- 
eous magnetic structure a hop of a carrier without spin flip is 
difficult. In this case an increase in the magnetic field results 
in the converse process: a transition to a more homogeneous 
phase increases the carrier mobility and reduces the resistiv- 
ity. 

This spin mechanism of the negative magnetoresistance 
can be expected in the case of band carriers within narrow 
bands or in the case of hopping in semiconductors contain- 
ing deep small-radius impurity states. In La, CuO, we can 
expect Mott variable-length hopping. A theory of the spin 

magnetoresistance of La, CuO, given in Ref. 12 postulates 
this mechanism for the dependence of the probability of a 
jump of an electron on the symmetry of the magnetic state. 

5. CONCLUSIONS 

Magnetic and electrical measurements in strong mag- 
netic fields and at low temperatures established that the 
changes in the magnetic structure and the electrical conduc- 
tivity are fully correlated. The appearance of a homogeneous 
component of the magnetization reduced the resistivity and 
this behavior was typical of antiferromagnetic semiconduc- 
tors with narrow bands. The low-temperature hysteresis 
loops of the magnetization curves and of the field depen- 
dences of the resistance were quite wide. The observed mag- 
netic phase transition was of first order. Using this conclu- 
sion we established some limitations on the permissible 
parameters of the anisotropy and exchange fields used in the 
phenomenological theory. 
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